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FOREWORD 

Part 1 of this report (Intennodulation Phenomenology) was etUed by 

S.H. Cushner and contains contributions by: 

G.L. Clark 
S.H. Cushner 
A.V. Haeff 
R.E. Harrison 
L.O. Heflinger 
P. Molmud 

R.A. Smith 
J.Z. Ullcox 
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SUMMARY 

This Investigation was undertaken to support the FLTSATCOM (FSC) UHF 

hardware test program and to develop materials and process guidelines for 

the flight hardware development. The phenomenology program consisted of 

both an experimental and theoretical evaluation of IM producing effects 

present in the FSC system. 

An Initial step of collection of an IM data bank had been taken, but 

upon examination only very little Information of direct use was found. The 

disparities were either in terms of vastly different frequencies or very 

different environments. For example, ship based systems with the IM sources 

associated with materials and structures not necessarily part of the affected 

transmitter/receiver system, or ground based systems. 

The theoretical work had as Its principal goal the establishment of a 

floor for IM levels in UHF components and a secondary goal of support for 

the experimental program. The latter program obtained data on the produc- 

tion of IM's in several cases of Interest to FSC. The overall program 

guideline was to obtain sound results in a few selected areas rather than 

to do a broad survey. 

The bulk of the experimental work was done on a common junction test 

fixture, which provided a single test volume within which potential IM gen- 

erating structures and materials could be placed and then current-voltage 

transfer characteristics and power dependence measured. The noise level of 

the associated IM receiver was about -140 dBm. Based upon some guidance 

obtained from the data bank and those materials and processes which the 

FSC program had identified as suspicious« several effects were selected 

for study. These are shown in Table 1. Some of IM levels measured from 

several of the effects are also given in Table 1. Table 2 gives some esti- 

mates of IM levels determined to be "floor" In several components. 

The principal conclusions of this report are a set of guidelines for 

materials and processes derived from the experiments on IM phenomena per- 

formed. These are given in digest form In Table 3. 
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Although this Investigation was successful In revealing some IM phe- 

nomena of system level Importance, and In showing some remedies, there 

remain considerable Identified, knowledge gaps. These are surrmarlzed In 

terms of requirements for further work In Table 4. 

Table 1. Principal Effects Studied Experimentally 

• JUNCTION MECHANISMS 

• MAGNETIC ARTIFACTS 

• SOFT SOLDER JOINTS 

Experimentally determined that non- 
linearity disappears when contact 
pressure Increases. "Poor" contacts 
are easier to avoid with coaxial com- 
ponents than with waveguide compo- 
nents. These junction effects are 
large. In this Investigation their 
levels suggested that other sources 
be examined (highly variable levels). 

It is well known that ferro-or-ferri- 
tnagnetlc materials are good IM gen- 
erators. Their use must be avoided 
or they must be used in low power 
density and/or poorly coupled areas. 
Their avoidance however is not easy. 
The use of tools containing iron in 
the drawing of tubing or in the 
machining of components apparently 
leaves magnetic inclusions. Nickel 
and iron have been found in all por- 
tions of the coaxial cable used in 
FSC. Also very small particles of 
magnetic "dirt" can easily be picked 
up on surfaces. (-140 dBm to 
-115 dBm for one meter of coaxial 
cable) 

We have not uniquely identified the 
reason these joints generate IM's. 
The strongest likelihood is that por- 
tions of such a joint constitute a 
poor junction with the substrate 
metal. In this case it is difficult 
to increase the contact pressure. 
(< -140 dBm) 
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l.iMi' 1. Prim ipnl I fht.ts 'itudied I xpcrimontal ly (Continued) 

• ELtCTROUSS NICKEL 
PLATUUi 

Nickel Is a ferromagnetic material 
and so would be expected to produce 
IM's. However, the layer Is over- 
coated with copper and to an extent 
Is shielded. The shielding Is Incom- 
plete. There are also some uncer- 
tainties concerning the IM behavior 
of the nickel In this role. In par- 
ticular as regards the effect of 
temperature and strain. (< -140 dBm 
when covered by 0.0002 Inches of 
copper) 

Table 2. IM Floor Estimates 

Nominal IM Level 
for FSC 

fj • 240 MHz. 

f2 • 270 MHz 

IM Floor 
Mechanism 

:     Joule loss Induced 
electrical conduc- 
tivity modulation 
in coax walls 

(2f2 - fj, 
30 Watts Each Comments 

-170 dBm Valid for length i less 
than 50 meters Pi, P2       | 
are the powers at fi,       | 
f2'    IM level given for    1 
£ ■ 5 meters and 
0.390 coax. 

|     Field Induced 
electro-strlctlon 
in solid dlelec- 
trical coax 

-176 dBm 0.390 coax does not 
employ a solid dielec- 
tric.   This mechanism       1 
In that coax would be 
drastically lower.             j 

Non-linear term In 
the Lorentz force 
on conduction 
electrons 

-190 dBm 

NOTE: In a copper component with a moderate Q; I.e.* 500 the cur- 
rents and consequently the IM levels will be greater. For 
example.for the Joule heating modulation, and a Q • 500 the 
IM level would be about -145 dBm, all other parameters being 
the same as above. 
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Table 3     Conclusion Digest 

•   Magnetic materials of nondellberate origin in materials and 
processes appear to be significant IM generators. 

t   Soft solder joints are uncertain IM sources.    Their effects are 
not understood. 

L 

Electroless nickel plating on aluminum as a preparatory layer for 
a copper coat is acceptable so long as the copper coatinq 
exceeds 0.0002 mil In thickness. 

IM "floor" levels are low, but m^y in Lome cases be close to 
operating levels. 

Table 4. Requirements for Further Work 

• Diagnostics of IM sources by observed behavior (signature) 

• Clarification of the role of magnetic impurities and of solder 
joints 

• Extension of phenomenology efforts to include stripline ronpo- 
nents, thermal wrap, and other surface plating/painting 
materials 

■ Study of "good" pressure contacts to determine low level IM 
problems. 
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1.     INTRODUCTION 

This Apppndlx presents the results of a portion of fhe work performed 

under an Intermodulatlon Phenomenology Investigation within the FLTSATCOM 

(FSC) program.    The work reported here was done in support of the hard- 

ware, and process and material evaluation efforts within the FSC program. 

The investigation consisted of two principal efforts.    The first, an exper- 

imental effort to study a few specific IM generating phenomena in a con- 

trolled manner.    This experimental effort was supported by materials analy- 

sis using both visible light metallography and microscopy, and a scanning 

electron tnicroprobe.    The second was a theoretical effort to obtain esti- 

mates of IM producing phenomena which might be Irreducible limits in vari- 

ous components.    In addition, the theoretical effort provided support to the 

experimental effort.   This report presents in the following sections the 

technical approach (Section 2) used in the experimental portion, and gives 

in digest form the models and principal results obtained from the theoreti- 

cal portion.   The detailed theoretical treatments are collected in a series 

of Addenda to this Appendix. 

The remaining portion of the work performed in this task was the 

investigation of methods for cancelling transmitter generated intermodu- 

latlon (IM) products by subtraction at the receiver output.   These efforts 

are reported separately in Part 2 of this Appendix, "Intermodulatlon 

Cancellation Study." 

The overlapping of receive bands with transmitter generated IM lies 

at the root of the problem.    Because of this, reduction of the strength 

of IM is essential.    The source of the IMs in FSC as with some other 

programs Is in passive components.    In broad terms, materials and proc- 

esses used in fabrication of the UHF equipment can exhibit a number of 

physical phenomena which respond nonllnearly to electric fields and to 

currents.    It is this nonlinear behavior which produces the IM. 

1.1    STATEMENT OF THE PROBLEM 

The central problem for this task was to obtain an understanding of 

the IM generating phenomena involved in the FSC hardware, and on this basis 

determine materials and processes that will reduce the IM's to acceptable 

Al-5 
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levels. The general framework of the generation and propagation of such 

IM is shown in Figure 1. On this basis it can be seen that the IM level 

which is acceptable In a given system element varies, depending upon how 

much isolation (propagation loss) exists between the producing element and 

the receive antenna, and the efficiency with which the IM is produced. 

The initial experimental efforts were done on junctions. It was 

found that the IM levels produced were large compared to these found in 

FSC hardware. Further, that the remedy for junction produced IM's was to 

increase the forces on the elements comprising the junction. 

Two IM generating phenomena which were identified as being particu- 

larly troublesome In FSC hardware were soft solder joints; and, the use 

of electroless nickel as a preparatory coating for plating copper on alum- 

inum. It is desirable to find ways to «How greater use of these prac- 

tices, since their avoidance represents a burden to the system design. 

1.2   SCOPE OF EFFORT AND PROGRAM GOALS 

Shortly after the initial observation of the IM problem many guide- 

lines were established based upon earlier work. These guidelines were 

rather general, and were implemented rapidly into fabrication work in 

process. An outline of these Is shown in Table 5. 

Table 5 is a brief summary of materials and processes which have been 

evaluated as risky so far as IM production is concerned. The basis for 

this conclusion is a very conservative one; i.e., materials and processes 

have been avoided if there was any suspicion about their use. The items 

in this tabulation can of course be used so long as they are illuminated 

with sufficiently low power density and/or their IM's are not strongly 

coupled into the receive antenna. 
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Table 5.    Initially Established Material and Process Guidelines 

Materials or Process 

Surface  finishes 
(grinding, polishing) 

Platincis 

Paints 

Bonding - pressure, 
adhesives, soldering, 
brazim , weldinn 

Surface artifacts 

Metals 

All   ferro- 
magnetic 
metals 

Non Metals and Combinations 

BN, duroid, Al-Kapton, micro- 
wave absorber, graphite, 
Q-Clad, Al-Mylar, carbon 
metallized films and conduc- 
tive glass, ferrites 

Anodized aluminum 

Leafing aluminum paint and 
other metal  containing paints 

"Light" pressure contacts, 
metal  loaded epoxies, soft 
solder I 

Metal chips, solder and con- 
ductive epoxy blobs 

The phenonenolugy effort was established shortly following this, and 

comprised the following tasks: 

TASK DESCRIPTION 

1 •    W Pherornenplogy Experimental Effort 

• Demonstrdte production of IM products in deliberately fabri- 
c.ated non-linear junctions and materials. 

r    Determine the importance of IM producing mechanism relative 
to FSC hardware practices. 

• Determne means of characterizing the source strength of the 
important mechanisms. 

• Kecomnended materials, fabrication technique:, and practices 
that will minimize IM generation in passive FLTSATCOM 
components. 

2.    IM ^honomenolpgy Thporptical Effort 

i    Provide support of experimental program. 

• Lstiblish a "floor"   for IM production in critical components. 

Al-8 



3. IM Modeling Support 

• Develop computer model of IM propagation In coaxial 
components. 

The scope of the program was limited to those IM producing phenomena 

which directly affected FSC in terms of the established direction of the 

hardware effort. A number of techniques, e.g., stripline transmission 

lines and components, had been determined to be bad from an IM standpoint, 

and so were eliminated from the design. The phenomenology investigation 

did not specifically Include such phenomena in stripline, as shown in the 

task statement above. The problem of establishing a lower limit (floor) 

to IM production in passive elements was specifically addressed In a theo- 

retical approach. 

As part of the work to reduce IM levels, tasks were also initiated to 

determine if IM's could be cancelled by subtraction of a sample signal con- 

taining IM's and not received signal from the received output. Both active 

and passive cancellation schemes received attention. In addition, a new 

receive antenna consisting of 4 helical elements was briefly evaluated. 

This latter configuration can satisfy the requirements of the FSC receive 

antenna, and in addition has Intermod advantages for implementing an IM 

cancellation scheme. This work on IM cancellation is reported separately. 

The following sections of this Appendix describe the techr'cal approach 

(Section 2) to the investigation for both the experimental and theoretical 

efforts. In the former, the design and fabrication considerations for the 

testing apparatus is given. The experimental procedures followed in its 

calibration relative to the Process Test Fixture used In FSC hardware 

development and in the investigation of the IM phenomenology are presented. 

Section 3 gives the conclusions reached from the Investigation, and 

in Section 4 the requirements for future work in the generation of IM's 

in passive components. 

A series of addenda contain the detailed analysis of the possible IM 

floor phenomena and some other analytical work performed in support of the 

FSC program. 
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2.     TECHNICAL APPROACH 

2.1    EXPERIMENTAL EFFORT 

[ xperimental effort Instrumentation requirements are as follows: 

• Soatially localize the IM generation region 

• Sjfficient sensitivity so that IM  levels generated by individual 
ssurces can be measured 

• Bdild separate apparatus so that measurements could be made by 
different tothods and without Interference to program hardware 
ojvelopir.ent. 

This section presents the experimental  and theoretical aspects of th' 

IM investigation.    In 2.1 the design considerations and operating param- 

eters of the test, apoaratus are given.    Following this the  IM phenomena 

studied end principal   results obtained are stated.    The format for the 

bulk of this sec tier  is that of annotated summary charts.    The results 

'nclude a  few  items /;hich could not be ful iy studied, but which appear to 

be relatoblt   tc oturvations madf in some of the hordware tests. 
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CLOSE-UP OF INTERACTION REGION 

Figure 2. Double-Resonance Interniodulation Measurement 
Apparatus (Continued) 
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The isometric plots shown In this section show clearly the departure 

of IM production from an (if, if2) dependence (two carrier third order IM) 

particularly at low drive currents, (or corresponding magnetic flux density 

levels). They suggest that at higher drive (see Figure 5) levels the 

behavior approaches the (Ifj I2) variety. The ideal (ifj2 ifg) behavior 

is shown in Figure 6. 
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SECTION 2.1.2 

IM GENERATION AT POOR 

(LOW CONTACT PRESSURE) CONTACTS 
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SECTION 2.1.3 

IM GENERATION AT SOFT SOLDERED JOINTS 
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SECTION 2.1.4 

IM GENERATION BY ELECTROLESS NICKEL PLATING 
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SECTION 2.1.5 

IM GENERATION BY THERMAL MODULATION OF RESISTANCE 

IM GENERATION BY THIN GRAPHITE FIBERS 
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2.2    THEORETICAL  INVESTIGATIONS 

The theoretical effort In this Investigation consisted of 1) establish- 

ment of IM floor levels In various UHF components, and 2) the theoretical 

evaluation of physical effects whose nonlinear behavior could produce IM's 
(support to the experimental program). 

Many of the estimates of lower limits (floor levels) for IM production 

given here have been made using the basic coaxial transmission line geometry. 

This reduces computational difficulties without sacrificing the generality 
of the results.   However, we have shown that even very low level IM phenomena 

in coaxial cable can attain observable values in components (filters, multi- 

coupler etc.) which, to some extent, are tuned.   The degree of enhancement 

depends upon the Q of the component and the order of the IM product.    (See 

Addendum 6.)   The following paragraphs contain short suttmaries of the IM 

floor mechanisms which have been evaluated.   Table 2-1 gives the major 

numerical results. 

2.2.1    IM Floor Estimates 

2.2.1.1 Deviations from Ohms Law 

A 1 percent deviation from ohms law, varying as the square of the elec- 

tric field, is to be expected   in metals, at a field level of 5 esu 

(1500 v/cm) in the metal.    In the coax UT 141 field levels of ^3 x lO"5 esu 

(9 x 10     v/cm) are expected in the Cu walls leading to deviations from ohms 
-13 law of 4 x 10     .    The fluctuations in conductivity due to thermal heating of 

the Cu will be two orders of magnitude greater, completely dominating Guth's 

prediction.    Thus, no further notice of such effects is taken. 

2.2.1.2 Joule Heating of Coax Walls (Addendum 1) 

A TEM mode propagating in a coax will lose energy to the walls by Joule 
heating.    The coax walls as a consequence of this heating will have their 

conductivity varying with double the TEM frequency.    When two signals of 

different frequency propagate simultaneously, then the wall conductivity 

'E. Guth and J. Mayerhofer, "On the Deviation From Ohm's Law at High 
Current Density," Phys. Rev., Vol. 57,  1940, p. 908. 

Al-41 



at 

o 
s- 
QJ 
E 
3 

t. 
O 

I 
<\J 

OJ 

E 
to 

c 

o 

o 
o 

ai x 
■♦-» t-i 

I 
• ■o 

O   CMC 
ir> if- <a 

c   •> «/> 
<o   t-tt. 
x= u- a) 

u> i« E 
M 
0)   */) U) 

f—   t- 

f a. 
•M      t. 
i7i at o c X:H- 
<U  4-> 

a) QJ x 
s- i. > <e 
O  «O "^ o 

<*-      en u 
(\j 

TJ Q.r-0 
T- 41O* 
»—     • > CO 
a •-• ai   • 
:» a. ■— o 

o 

u 
•»- c 

o c 
OJ o 

(U ••-• 
(0 

•O r— 
OJ   3 

c 

«/»>!— 
O-f-t- 
^- +»  10 

0)   3 
.— -ox 
o o o 
-3   U  O 

o 
o 

•o <o 
•r- x: 
o 
iA   C 

B 
fft- a» 
"o. (O o 

O       r- c^s 
«/»,£:•»- «P ♦* 
O        vi 
•a      to 

. u 
K  O "O 

o J- a» 
u 

O  OU XI 
5».— i— 
CO  *   3 

• •r-   O 
OT3   X 

E 
CO 

o 

o M   to 
•>- *->   C 
k 58 ■M 
<-) i- ■»-> 
a> o o 

_J   0) 
1     OJ ^— 
Of- (U   OJ 
k. TO x: 
4J ■M   C 
u-o a 
ai •!- c -^ 

^^»— T-   <J 
0) o u 
T,^ E^ 
S  = ^§ 
3 u 

■o C t. 
c o <o c 

•^- «f- a» o 
4J c 

•a o •r-   Q) 
r— -r- X w—    O 

<U   i- «o c s- 
■r-   4-> o o o 
a. «/> o ^«4- 

0>»— 
xi a» 

> 

i—< 
to 

i— -a 
0) <D 
> .»J 
0)   U 

r^ 'r- 
■o 

•-. s- 
a. 

ai 
x: a) 
■u x: 

4J 
>> ^- o a; 
+J o > c ir> o 
0) -Q 
3  II    «O 
a- 
to <o 
C  (O 
o      a> 
O TJ  E 

c <o 
■o  <0  to 
c 
10 " (U 

C JZ 
WO*-» 

■«-» -^ 

C -t-» en 
0J (0  c^ 
U r- r- 
fc. 3 0) 
3 ^O ^3 

x: oi oj 
4J c ♦-, 

o -^ E 
o io <o 
ir> OJ i- 

^ «a 
11 Q- 

0) 

.»   3   0J 
Or o x; 

OJ o 
4->   0) 

a« ^ 
■a fc. 
go • 

^- E 
CO 

na ai TJ 

x: Q.in 
■ME«* 

X x7 
0J 

••-• 4-) 
C   t-   3 
oj a o 
C U- X) 
O TJ 
OL 
§.   0J 

t~ XJ 
O   0) 

■t-»T3 
(0  IO i— 

0J   3 
C   i-   O 
•-•  OJ X 

Al-42 



will also display sum and difference frequency conductivity modulations. 

These signals propagating along these conducting surfaces with time depend- 

ent properties will generate third and higher order harmonies.    In an analy- 
sis, we computed the third order (300 mc) power generated in coax* UT 250 

with 240 MHz and 270 MHz propagating simultaneously.    The IM power for dis- 

tances short compared to the attenuation length (50 meters) (UT 250) is 

given by 

P = 5.5 x 10"25 P*   P2 Z2 

where Z is the coax length in meters and P. and P? are the power in the 

individual  frequencies, 240 MHz and 270 MHz.    When P. «= P, « 30 watts, then 
-18 the IM power peaks at 8 x 10       watts for 50 meters of cable.    The IM power 

generated in any cable other things being equal will vary as a     where a 

is the radius of the inner conductor. 

This thermal mechanism was also evaluated for a small whisker in a com- 

ponent.    The analysis is given in Addendun 5 where it Is shown that the 

resulting IM levels are negligibly small. 

2.2.1.3   IM Production Due to Electrostriction of DielectHc Coax 
(Addendum 2)     " 

In general, a dielectric subjected to a varying electric field will 

experience time dependent slight changes In density.   Accompanying these 

density changes will be dielectric susceptibility changes and therefore, a 

time dependency to the dielectric constant.    This time dependency of the 

dielectric constant will be a source of IM production In coaxes.   An investi- 

gation of this effect shows that the IM power varies inversely as the bulk 

modulus squared.    The bulk modulus for Teflon is unavailable.    However, 

using the available data of Young's modulus which is probably too low for 

bulk modulus, we obtain IM power levels in coaxes which are lower by a 

factor of 4 than is produced by Joule heating. 

Table 2-2 gives the salient properties of the various kinds of coaxial 
cable referred to here. 
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Table 2-2.    FLTSATCOM Cable Data 

UT 141 

UT 250 

Outer Conductor:    Copper, O.D. ■ 0.141 1n 
Dielectric:    FEP Teflon, O.D. = 0.119 in (solid) 
Center Conductor:    Silver-plated Copper, 

O.D. ■ 0.0359 in 

Outer Conductor:    O.D.  = 0.250 In 
Dielectric:    TFE Teflon, O.D. = 0.214 in (solid) 
Center Conductor;    O.D. = 0.064 in 

390 Diameter Cable 
Outer Conductor:   O.D. = 0.392 in 
Insulator:    Teflon, 5-splined, 

approximately 0.330 in 
Center Conductor:    O.D. ■ 0.136 in 

2.2.1.4    IM Due to the Nonlinear Character of the Lorentz Force (Addendum 3) 

The conduction electrons in the metal walls of the coax will obey the 

equation of motion: 

dv 
dt 

+ vv 4TTP + ^ x H 

where v Is the electric drift velocity, v the collision frequency, E and H 
the local  fields and P the polarization.    The last term is nonlinear and is 

usually Ignored in the theory of conductivity.    However, its presence can be 

expected to result in IM products.   An analysis of IM generation just due 

to this nonlinear term in the metal of coaxes shows that the IM power is 

two orders of magnitude lower than that produced by Joule heating. 

2.2.1.5    IM Production Due to Field Emission 

Another nonlinear process Is field emission from sharp projections or 

burrs on the walls of the coax.    The process is nonlinear because the 

emitted electron current density depends exponentially 'on the electric 

field strength at the projection.   However, the process is not attractive 

2^R.H.  Good Jr. and E.W. Müller,  "Field Emission," in Handbuch der Physik 
Vol.  xxl,  1956, p.   188. 
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because of the extremely large fields and the low work function required to 
produce any appreciable current.    For example, assume that the full 45 volts 

which may occur across the coax, discussed before, were applied to a projec- 
-5 tlon of 10     cm In altitude and with an unreallstlcally low work function 

of 2 ev (corresponding to an activated cathode).    Using Equation (5.19) of 

Reference2' (Fowler-Nordhelm theory) we find that the current density 
6 -9 2 emitted under this field of 4.5 x 10   volts/cm 1s only 1.9 x 10    amps/cm . 

The current density In the coax metal at IM frequencies, driven by the two 
Impressed frequencies, on the other hand. Is 46 x 10     amp/cm .    It Is hard 

to see how field emission can compete with the other mechanisms for IM 

production since we cannot usually expect such low work functions and such 

large fields at these projections. 

The high f;*>ld emission phenomenon has been theoretically evaluated 

both by TRW and Independently by Dr. Vincent Polen (NRL) (private cotimunlca- 
tion) and found to be negligibly small. 

2.2.1.6 IM Generation In Resonant Cavities (Addendum 6) 

In Addendum 2 it Is pointed out that IM generation, by Joule heat- 

ing, varied as the sixth power of the Impressed fields propagating through 

the coax.    Therefore, any condition, such as resonance, which increases field 

strength sharply should increase IM power.   An analysis was made of IM gen- 

eration in a coax employed as a resonant cavity.   The coax of length, 

5 meters, was resonant not only to the Impressed frequencies, 270 MHz and 

240 MHz, but also to the IM frequency 300 MHz.    Due to this resonance, the 

IM power propagating in the cavity is augmented by six orders of magnitude 

over that produced in the conventional coax.    Thus, in coax UT 141 with 

impressed powers of 30 watts, each at 270 fUz and 240 MHz, the power In the 

IM frequency of 300 MHz is 2 x 10      watts (traveling to right at 5 meters 

length of resonant cavity). 

2.2.1.7 IM Generation bv Tunneling 

Metals in contact are very often separated by thin films of oxide. 

These films serve as a barrier for electron conduction between the two 

metals.    However, electrons, under the influence of an electric field can 

tunnel through this barrier.    Since the probability of tunneling is depend- 

ent exponentially on the strength of the electric field, the current in a 

circuit limited by such tunneling phenomena Is highly nonlinear and is a 
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potential source of IM products.    Calculations have not been performed on 

this phenomenon, mainly because It Is not an Irreducible mechanism.    That 

is, simple techniques, such as Increasing contact pressure or gold plating 

surfaces to be placed In contact markedly reduces IM production by this 
mechanism. 

In addition to the IM floor estimates, several other theoretical prob- 

lems were addressed In this Investigation.    These are described on the fol- 

lowing paragraphs, with more detailed treatments given in the referenced 
addenda. 

2.2.2 Computer Model 

In order to evaluate the system effects of IM generation their source 

strengths must be known as well as how they propagate.    These considerations 
led to formulation of a powerful computer model capable of accepting theo- 

retical or experimentally generated values of IM source strengths and field 

or power dependences. 

The results of this effort allow handling of the problem of the propa- 

gation of localized IM producing sources within a given component.    It can 

handle multiple sources and account for relative (and time variable) phase 

changes between them.    It also provides the electric or magnetic field 

intensities at stated positions within components.    This model was to be 

furnished with experimental values of IM "source strength" and was to be 

used to obtain resultant IM values at the output port of the component. 
Additional details are contained in Addendum 4.    The model was not com- 

pleted to the required level to allow its use during this program. 

2.2.3 IM Quieting Due to Out of Product Frequencies 

An important observation made during hardware testing was the decrease 

in the level of a given IM, i.e., {Zf, - f2) when one or more additional 

transmitters were turned on.    When these new frequencies did not themselves 

contribute to the (Zf, - f^) term, the level of this term decreased.    Other 

new IM's occurred elsewhere.    This problem was addressed analytically assum- 

ing that the transmitters were noise loaded.    The analysis predicts a 

decrease In level for a specified form of nonlinearity.    The details of the 

analysis are contained in Addendum 7, where intermodulation is analyzed due 

to a small discontinuous deviation from linearity for the case of 
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narrow-band Gaussian noise signal sources in combination.    It is found that 

the presence of out-of-band channel signals reduces intermodulation products 

falling in a narrow-band receiver channel.    This reduction was found to be 

inversely proportional  to the number of equally Intense (out-of-band) sig- 

nals with that number raised to a power equal to the order of the intermo.'ij- 

lation products that happen to fall In the receive band. 
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3. CONCLUSIONS AND GUIDELINES 

A number of material and process type guidelines have evolved from this 

Investigation. Many of them relate to magnetic materials. The undeslr- 

ablllty of magnetic materials from an IM viewpoint Is not new, however, the 

relative difficulty of avoiding their Inclusion In, or pick up by, materials 

as a result of many processes needs to be emphasized. 

The determination that copper walled semi-rigid coaxial cable contains 

nickel and Iron Inclusions Implies that portions of the transmit antenna 

feed may also contain such inclusions. These elements may carry the drive 

current on outside surfaces where not only ferromagnetic inclusions are 

possible, but accrual of ferromagnetic contamination Is rather likely. 

Tests made on samples removed from inner and outer surfaces of both 

the inner and outer conductors of 0.390 coaxial line were made. These 

showed that samples taken from the surfaces of these conductors produced 

IMs while samples taken from within the volume of the copper did not pro- 

duce IMs. This observation supported the electron microprobe results that 

the nickel and iron inclusions found In the material of the coax walls were 

found at the surface and not from the deeper lying layers. 

These considerations are also important for other components (filters, 

multicoupler) that are machined. Both copper (test hardware) and aluminum 

(flight hardware) are soft and would be likely to pick up inclusions from 

the working tools. It is possible although unlikely that such materials 

which have not been drawn or previously machined would contain ferromagnetic 

Impurities. 
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As a result of experimentation on thin graphite fibers we conclude that 

the translational forces exerted on induced dipole moments by a spatially 

nonuniform electric field can be significant.    It is reasonable to conclude 

that small particles (dielectric or metallic) that may reside inside UHF 

components (multicoupler, filters, antenna feeds, and baluns) will be like- 

wise drawn into high field regions and there become IM sources as did the 

graphite fibers. 

There is a disparity between conclusions on the IM behavior of soft 

solder joints obtained here and those reached In the hardware development 

program.    Soft solder joints have been benign Insofar as IM generation 

is concerned in this phenomenology Investigation.    It is possible that 

magnetic impurities float to the surface of the solder where the UHF cur- 

rents then produce IMs.   Thus the Improvement obtained in the hardware 

where the solder fillets were trlnmed away.    We have no evidence to support 

this conjecture and have not resolved the disparity of behavior for soft 

soldered joints. 
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4.    INVESTIGATION - REQUIREMENTS FOR FUTURE WORK 

4.1   EXPERIMENTAL 

More experimental work at UHF -Purpose:    To find materials and ways 

of modifying processes so that they may be used without producing IM's. 

Determination of IM producing mechanisms In:    strlpllne elements, 

thermal wrap materials, and other component and structure related Items as 

can be foreseen In projected system. 

Experimental programs to fInn up the knowledge base In selected fre- 

quency ranges.    This requires coordination with frequency planning activities 

so that work Is not performed unnecessarily. 

Generation of data to allow prediction of power dependence of selected 

IM sources. 

More thorough Investigation of pressure contacts, placing emphasis on 

"good" contacts that may be sources of low level IM. 

Develop more complete signature data for different types of IM sources, 

as a means of Identifying the source of IM problems In systems. 

Investigate the relative strengths of different IM orders generated by 

known sources. 

Characterize IM sources on the basis of the effect of additional trans- 

mitters (two-state IM generators produce a fixed total power In all fre- 

quencies generated.    The third transmitter depression effect is a consequence 

of this law.    In contrast, non-saturating nonlinearlties, e.g., thermal IM's, 

show no third-transmitter depression effect). 

Characterize IM sources according to the erratic versus steady behavior 

of the IM. 

Investigate influence of temperature and mechanical vibration on erratic 

IM sources. 

Build a probe device for discovering and localizing sources of IM in 

fabricated components and systems, as well as for inspecting stock. 
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4.2    IM INVESTIGATION - REQUIREMENTS FOR FUTURE WORK 

Theoretical 

IM production in resonant cavities, resonant in modes other than principal. 

♦The role of non-propagating source terms in IM production in coaxes. 

Determination of Green's function for IM production in coaxes. 

Thermal effects in barrier transmission (tunneling). 

Effect of magnetic switching time on strength of IM products. 

i  
Non-propagating waves array from the nonlinear interaction of the form 

E.E0e 
-1 (nt + Kx) 

where 

and 

ß ■ Zu. - u« 

K - o)/c ■ 1 c 
Z 

rather than 

2a), - 

c 
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ABSTRACT 

We Investigate 1ntermodulation production due to the thermal 

healing of the waveguide walls. We consider two impresBed signals pro- 

pagating In a coaxial cable in the TEM mode.  We find that the power 

developed In the l.M. product depends upon the thermal coefficient of 

the electrical conductivity of the metal squared, and la inversely pro- 

portional to the conductivity itself.  For FLTSATCOM testing conditions 

(coax uT 141 filled uniformly with Teflon) , the minimum power of l.M. 

products of third order {u * 2  u^-tu-) varies for short distances as 

-23  2    2 
P - 1.8 x 10   P' P- z watts 

where P    and  P^ are     the  impressed powers  in watts  and  z  is cable length 

In meters.     l.M.  power  reaches its maximum at a distance z        »28 meters max 
and   Is attenuated   for distances  greater than  z       .     For  l.M.   frequency 

lIloX _ ■> 

l  -  300 Mc  and P,   -  P., -  30 watts, we  find P - 8 x 10~      watts.     For 
1 2 max 

FLTSATCOM operating conditions  (coax uT 250)  l.M.   power varies  for  short 

distances as 

-25    2 2 P -   5.5 x  10 " Pp>2 z 

-18 
and peaks at P   » 8 x 10   watts for 50 meters of cable. 

max 
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1. INTRODUCTION 

The purpose of our Investigations Is  to determine the minimum 

l.M.  power  to be  expected  in a coaxial cable.     In this particular  report , 

we study  the thermal   intermodulatlon mechanism.     A report  on l.M.  produc- 

tion due  to the nonlinear response of the waveguide dielectrics  is   given 

by us in a separate paper. 

Due  to  the  finite conductivity of a metal,  there always exists 

the RF energy  loss  In metallic walls of a waveguide, in a volume confined 

approximately by  the  thickness of the skin depth.     The cyclic variations 

in energy within this volume can be assumed to be  followed instantareously 

by  temperature.     Since  the metallic conductivity depends  linearly on 

temperature,   it  has  also harmonic components which will  produce wall   currents 

at  l.M.   frequencies.     l.M.   currents are calculated  in Section   2   of this 

report.     Th»   l.M.   currents drive  the TEM mode  in  the  coaxial cable,   this   is 

discussed  in  Section 3. In f.he DISCUSSION section, we  give numerical 

estimates  of  the minimum  (ideal bulk  conductivity)   l.M.  products  generated 

by  the  thermal  heating of  the metallic walls appropriate  to both  testing 

and   FLTSATCOM operating conditions. 

2. THERMAL CONDUCTION AND l.M. CURRENTS IN METALLIC WALLS OF A 

COAXIAL CABLE 

Sw (a) •wfr) 

Figure  1.     Geometry of Coaxial Cable, 
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IM      511 i^1 saipation 

We consider n coaxial cable carrying two signals of frequencies 

u  and u«.  The two signals are carried in the TEM mode; the magnetic 

fields are concentric with walls of the coax.  The electric fields are al- 

most radial; however, due to the finite conductivity of metallic surfaces, 

fields do penetrate into the walls of the coax and the electric fields have 

sm.jll (but finite) tangential components. 

Propagation of fields in a coaxial cable is described by Maxwell 

equations 

V.E --if (2) 
C »t 

where j is a source current (if any), 
s 

For a coax. Equations (1) and (2) yield:  Fields in the dielectric 

(a < r < b): 

H (r) - /e E (r) - — cos (a.t-kz) (3) 
y        r     cr 

where 1 Is the current in the coax walls.  In the metal interior, 

-r/<S 
H    -  Il(b)c cos  (uit  - x) (4) 

y H) 
/     \ 1/2 -r/ö / v 

h = -{vz)     H(b) e       C08 (^ - f+ J)     • (5) 

where r is measured   from the outer radius b  (a similar expression describes 

fields in the   inner wall of radius a).    The skin depth 6   is  given by 

c 
T72 (6) 

(2TTOU))' 

where o is the metallic conductivity. 
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The electromagnetic energy ia  dissipated at the rate 

o(Ez.i + E
z.2y (7) 

where E . and E  „ are tangentJal components inside the metal Interloi 

(Equation (5);  r signals u. and u. respectively. 

2.2 Thermal Conduction 

The PF energy loss is confined to a volume given approximately 

by the skin depth 6.  We shall assume that the energy is lost from this 

volume only by conduction between the inner and outer walls (thickness of 

the metallic walls is much greater than the skin depth 6).  The therm.-il 

wave then satisfies the following differential equation 

* V0(E
Z.1 

+ Ez.2)2-Cp£-<V: (8) 

In Equation (8), c  and <  are respectively the specific heat and thermal 

conductivity (per unit volume) of the metal and T is temperature.  Thc- 

heat wave Is driven by the RF fields penetrating into the metal - left 

hand side of Equation (8).  I f we write the driving term as 

-2r/4 
Ae      cos (Ut - 2r/<5) CO 

then,   for boundary  conditions   (T(r ■ ») ■ T(<");.   (äT/.)r)^ ■  0 and 

-2r/6 

(dT/br)  m 0 " 0, Equation (9) has the solution 

AT = T(r) - T(") = - 

2, 
th 

sln^wt -|ij 

■r/. th 
26 

th 
si 

(10) 

Zr\\ „ ^ - |5-) 

where '!(*) is the temperature at the outer wall of the metallic sheet and 

the thermal depth 6 , Is defined by 
th 

,    (2.  \1/2 

th = [u.cj (ID 
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Kquatlon  (10) can be   Immediately simplified.    Using the values ic  ■B 4 x  10 

ri^, im      d^K    ,   (      ■   'i.2  x  10    erg cm      deg     , ci  ■   5.8 x  10      sec 

(.ippropr Lit f  l<>r  copper),  we   find that  the  ratio 

vl/2 
\h       1    /An-Y7^   i- 

CVCP/     10 

The smallneaa of this ratio reflects the   fact that the electrl- 

i.il   energy  at   frequency u  Is dissipated within the  region where  t'.ie driving 

fields are   Unite   (.-ikln depth)   rather than being conducted  away   from  this 
/2\2 

region.     In what   follows, we  shall neglect both the l-r)    term In the  denom- 

inator of Equation  (10)   and term proportional to  26    /ft on  the  right  hand 

side   of Equation   (10). 

2,J Intermodulatlon Current 

We now calculate l.M.  currents  generated  in the coax walls.    The 

current density   j  is  equal  to 

0(E..1 + E..2) J 

where the metallic conductivity o varies linearly with temperature, 

n -a  (1 - YAT) 
a 

Using Equations   (5)   -   (10) we  find that  J has l.M.  components of frequency 

1^2 

-3rß / \ 
r . IT \ 

iii ■   2(1), -u)0     , 

js «   A e sin  Iwt  - J + ^-i 02) 

where 

2        SüJ.-ü),        j -3r/6 / \ 
A (r)  . 1£. \    E;    (b)E,    (b)e sin  Lt - f + J (13) 

D Be       it). (u).~u,)       l.z 2,z \ 6       A/ pill x ' 

and where we have assumed that the two skin depths 6   as 6.a  6.    Equations 

(12) and   (13)   give the T.M.  current density generated  In the outer wall of 
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the coax; similar expressions  give current density  In the  Inner wall   (radius 

a).    Notice,   that  the l.M.  currents are generated within one third of the 

skin depth,   6/3. 

3. I.M.   FIELDS  SUPPORTED BY WALL SOURCE CURRENTS 

3.1 Boundary Conditions   for the TEM Mode 

We now calculate fields supported by the  source  currents  j  . 
s 

Flrdt of all we notice that the ratio of the current densities 

(14) 

(15) 

Js(b)       yb)      ^3 

W " ^ " b3 

also determines the ratio of the corresponding fields and currents, 

"  (b) 3 I  (b) 2 
s a s a 

H  (a)  "     3     ;      "l   (a)"" .2 s b s b 

21 
On the other hand, TEM fields in a coax must satisfy H ■ — , ' ' cr 

where  I - 1(b) - 1(a).     Clearly, fields  generated directly by j    cannot 

constitute  the total of the I.M.   fields.     Additional  currents must be set 

up in  the coax walls  such  that  the sum of the driving and   Induced   fields 

propagates in the TEM mode. 

These considerations  are put  into the mathematical   form by re- 

quiring that  the I.M.   signal  satisfies boundary conditions  appropriate  to 

the TEM mode: 

1 "  1inJ
b'>  +  l-<b)   =   I.nH<a) +  I.(a) (16) 

Ina s Ind u 

H  (a)  - H.(a)  - - H  (b)  -  - H.(b) m d am ad 

where  subscript  ind means  induced and  I  la   the  total   current , and  subscripts 

m and d  designate   fields  In metal and dielectric respectively. 

Combining Maxwell  Equations   (1)   and  (2)  we   find  that H-field   In 

the coax wall   satisfies   the  following equation, 
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/     9J 
-- — (17) c   3r Ki-'J 

where 6 and u  (w  = 2W1-ü)_)  are respectively  I.M, akin depth and   frequency 

and  J     is  the source current  (Equation   (12)). 

Making the approximation that  all  skin depths are of approximately 

the  same order of magnitude,  Equation  (17) yields 

-'3r/A 
ii A  ■'. 

II  (h)   - - -r~ e |7 si 
m JC n L _r +jj_C08L -f + Jn (is) 

^(b) e cosLt  -I + l + ^j 

where H, (b)  are 4».   respectively  the amplitude and phase angle of the homo- 

geneous solution of Equation (18)   in the outside wall.     (Again,  a similar 

expression  gives   field H  (a)).    Using the boundary conditions.  Equation (16), 
m -1 we   find that the phase angles ^L   " 4»     ■ ♦ " tan      7.     Relating H. (b)  and 

H  (a)   to amplitudes of H-field in dielectric, we finally have 

-r/6 A x -3r/6 

II  (b) m 

(TTA.6    \ " TIA^6 '    I 

dv  '       5c cos $1 5c cos ♦ j 

COS   (Uit   - T  + T +   «t» I 

where 

H.(r)   = /T E   (r)   " — 
d r cr 

We also calculate the tangential component E inside the metallic 
Z 

wall.     Using Equation (1) , we obtain 

TB      AHO y3r c  JaJ 
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(»d - Tr^y ""■4t+♦ - 7) -     c     /2 
4ITO6 V"d      5c cos ^ 

-3r/6 

lOo lain ut + ♦   - j j+ 2 coilwt + ♦ - jl 

In Equatlona   (19)  and   (20),   amplitudes H  (r)  and  I are  as  yet undetermined 

quantities; we shall proceed  to calculate  their  growth. 

3.2 Growth of I.M.   Fields 

Theoretically, It   Is possible to  solve  Equations  (1)   und  (2)   lor 

I.M.   fields directly.     However, due   to the   fact  that  E-fleld has  a   finite 

component E_   (and varying with r)  along the axis of the coax,  such a 

calculation would be too complicated.    To  calculate the  growth of the   I .M. 

fields, we use the energy conservation principles. 

The change  in power P  (P    »Ids     'S,  see  Figure  1)   crossing the 
z z  /  z   z 

coax cross section per unit length Is given by 

dP 
 2 

dz Az J.. 
walls 

s  • ^ 
w   w 

(21) 

where S and S are respectively components of PoyntlnR vector S parallel 

and normal to the coax walls and Az is the length Increment along the coax 

axis.  Using Equations (19) and (20) , Poynting vector at wall r » b Is 

equal to 

Vb) i [Vb) x Vb)jw 
2(4ii)  06 

7 M    2TTV 
-Ob)   + TT ^-T H^b) d 5c   cos  A     d 

The first terra on the right hand side of Equation (22) represents energy 

dissipated into the coax walls due to the finite conductivity of the metal 

(Poynting vector is directed into the wall).  The second term gives power 

generated by the I.M. source current« (Poynting vector Is directed into the 

coax).  Notice that the phdHe of J  (or, equivalent of A) determines the 
8 

phase of II . 

(22) 
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It  is now straight  forward to obtain the growth rate of I.M. 

products:    We integrate both Equation (22)  and a similar equation for 

S  (a)   ever the coax walls  and substitute  the results  into Equation (21). 

Before  doing so, however, we notice that, at this stage, it  is convenient 

to include  into our picture also the attenuation rate of the impressed 

fields   (of  frequencies u     and u.). 

—Rz The  input   fields  are attenuated as H ä E as e , where the 

(actor  {'■  \H   glvi-n  by 

,(   ..    -,..—   f ;.'■„) (23) a + b    /'j£. \ 
.    ,     a Isnol 

ab   B,n r ^       ' 

-362 Hence,   the source  currents vary as   j   « A » e .    Using the result 

that  the propagating power P z 

!(-!)H2 P     - — b2(*n -1 H2(b) , (2A) 
Z      4/F 

wc then  find  that  Equation  (21)   reduces to 

dU 
d 
j^- -   -2a[H2(b)   - d   •  H(b)   e )     , (25) 

which, with the boundary condition that H(b)/ , Q ■ 0 yields 

/ -3ßz -az\ 

where 

J-"''(^)1/2-'b-(1-i + 7)     • <28) 
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4. DISCUSSION 

Equations  (24)  T   (28) with  A.   given by Equation  (13)   are the 

basic results of this paper.     The main conclusions can be summarized as 

as   follows :    For small distances z  (z  < a    ) , H-field grows linearly , 

H    rM 69    /,       b3\      1 5a,1^2 Y      /€W2\1    u2(^u  fu, HiM(b) - ns? I1 + -31 —-b i^zr c 12^7)   Hi^)H2(b>z 
\        a / b In —     21      px      / 

and power quadratlcally, 

PIM-^    tnI    Hl<b) 

i ■ll28nl       8TIO  C2 Hi ^m'■>'•'"'■• 

max 
SLnOü/g) 

3B-a 

Figure 2.     Variation of I.M.   Field Strength with Length of Coax. 

The I.M.  power saturates at  the scale length z - z and   for 
2 max 

Q Z 
distances   greater  than z Is  attenuated as e .     (Notice   that  the max 
input    power Is attenuated as  e , where a/B -  /ID/U«   .     Hence, though 

different,   the two rates are of approximately the  same magnitude). 
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The I.M. products can be related to the two impressed powers P. 

and r .  We provide some numerical estimates applicable to the testing and 

FLTSATCOM operating conditions. 

For u) - 2« x 1A6 x 10 sec  , w. ■ 2ir x 266 x 10 sec  , the I.M. 

frequency is 26 Mc. Then, for a (coax uT 1A1) coax with radii a ■ (b/3) 
-2 17  -1 

%3 x 10 cm, copper conductivity o * S.8 x 10 sec  , specific heat 
7      -3-1 

c - 3.2 x 10 erg cm deg , coefficient of the linear dependence of o 
p -4-1 

on temperature y = 4.3 x 10  deg , Teflon dielectric constant e » 2, 

and P. =£ P    a 30 W, we  find  (in cgs units unless specified otherwise) 

-4    -1 2C a 3.5 x 10    cm 

a   «   6 x  10    cm 

z        a: 4 x 10 cm     , max 

.-i4..2. H,M(b)a  8.6 x 10 "Hj(b)H2(b)z       gauss    , 

(or, —^ « 2.1 x 10*"13  gauss cm'1) 

IM 
/6if iV   ^ /Hzä/i t jV    1    p2 

" W   C
2c2  '  *™  \2-*l)y      a3)  7^ b\4    l 

or , -j- ss 5.6 x 10        -~) 
z m 

P z2 ^£ r2z    sec    • 

-10 H       (b) =s  6.7 x 1C gauss     , 
max "^ ' 

—18 
P        as 6 x 10 watts max 

For w.  = 2TI x 270 x 10 sec"    and CJ, - 2TT x 240 x 10 sec"  , the 

I.M.   frequency  is  300 Mc.     Then, 

a as 2.2 x 10"4cm"1 

z        « 2.8 x 10 cm max 
i 
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H(b)  «8.6 x 10"13 Hj(b)H2(b)z2       gauss   , 

(or.H(bIs2.lxlo-12 JSHS-) 
z cm 

-23    2_    2 
P   ä   1.8 x 10        *)*2Z        w*111  <*  l8 ln meters) , 

(or, ^j« 5.6 x 10'19 ^j) 
z m 

H       (b) « 2.8 x 10-9 gauss max 

P        « 8 x 10"17 watts max 

Notice, that for constant  Impressed powers P.   and P„, H(b)  and  P 
-4-6 vary   for small distances as a      and a      respectively, whereas  the peak 

-3 -4 values H        and P        scale as a      and a       respectively.     For  FLTSATCOM max max r ' 
operating conditions, I.M.   frequency  is 300 Mc and coax radius   (coax 

uT 250)   a -   (b/3) K 0.08 cm.     For  Pi   " P2  "   30 w • we  then  flnd 

-4     -1 a  * 1.2 x  10    cm     . 

3 
z        as 5 x 10 cm   i max 

H(b) « 4.8 x 1013 Hj(b)H2(b)z2 gauss   , 

{OTtm.*2,1 xlo-13 A»» ) 
z cm 

P ss 5.5 x  lü'25  P?P2z2     watt   (z   is  in meters)     , 

(or, -j as 1.7 x 10       -^) 
z m 

H       (b) *   5 x 10~i0 gauss     , max 0 

-1 ft 
P « 8  x  10 watts max 
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We  note  finally Chat the  l.M. power depends upon the  thermal 

coefficient of the conductivity squared and   Is Inversely proportional 

to the conductivity  itself.    Hence, our estimate   (which used bulk copper 

conductivity)   represents the minimum power  expected from an Ideal metal. 

Any  physical  Imperfections and surface effects (e.g.,  oxide layers)  only 

increase the  ideal bulk resistivity.    We expect that the smaller magnitude 

of the actual surface conductivity may Increase the l.M.  power above our 

estimate. 
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ABSTRACT 

We   investigate   intermodulation production due   to the  nonlinear 

response of   the wave guide dielectric  to  two   impressed signals propagating 

in a coaxial   cable  in  the TEM mode.    We  find  that the power developed   in 

the  I.M.   product  depends   inversely on  Bulk modulus of  the dielectric  squared 

For FLTSATCOM  testing conditions   (coax  uT i'H),   the   I.M.  power  (products of 

third order with oi ■ 2ü).   - (u.)  varies  for short distances as 

P -   i.5 x  10 ^ V  p. If)     watts      , •M 'S ^ (f) 
where  P     and P- are  the  two  impressed  powers   In watts,  z  Is  cable   length, 

and A   is   I.M.  wavelength   in vacuum.    The   I.M.   power  reaches maximum at a 

dibtance  z        -   28 meters and   is attenuated  for distances greater  than z 
max max 

-20     2 
For  f - 300 Mc and P|  " % " 30 watts,  we find P ■ 5 x 10 z   watt,  where 

-18 
z   is   in meters,   and P        ■ 5 x  10       .     For FLTSATCOM  operating conditions max 

(coax UT  250),   the   I.M.   power varies for  short distances as 

P =  1.5 x  Hf25 P,2 P2[^   watts 
$ 

-18 
and peaks at P        - 1.6 x  10        watts  for 50 meters of cable. 

max 
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I.        INTRODUCTION 

The purpose of our  investigations   is   to determine   the minimum I ,M. 

power produced  in a coaxial   cable,     in this particular  report,  we study 

I.M.   production due   to the  nonlinear response of  the wave guide dielectric 

to two impressed frequencies propagating   in a TEM mode.    We shall  report 

on  thermal   intermodulation   (l.M.   production due   to Joule heating)   in  a 

separate paper. 

In Section  II   of  this   report, we shall  estimate  the magnitude of   the 

nonlinear part of the dielectric constant of Teflon.     In Section III   we 

derive formulas which describe propagation   (and  growth)  of the  l.M.   fields 

in a uniformly filled coaxial cable.     In   the Discussion Section, we give 

numerical  estimates  of the   l.M.   products  generated  in   the dielectric 

medium of  the coax appropriate to both FLTSATCOM operating and testing 

cond i tions. 

Al-72 



'♦351.5.7'»-18 

II .     NONLINEAR RESPONSE   OF TEFLON  DIELECTRIC  CONSTANT 

In this  study,  we wish  to   investigate  a mechanism which would allow 

for   the nonlinear  effects   in  the  dielectric media of wave guides. 

Consider  a dielectric   in an electric  field  E.    The electric energy 

density of   the dielectric and   field  is 

.. „  D-E m E*      P.E . E*      tfj (]) 

where  the displacement field D   is 

D - E + i»nP -  eE       , (2) 

and  the dielectric constant c   is  related   to the electric susceptibility 

x   (x - P/E)   by 

e  -  1  + An  x       . (3) 

Polarization P   is  defined as  the electric  dipole moment  per unit volume, 

P - Np - Nex       , (A) 

and hence the change of the electric susceptibility x due to the change of a 

volume V is given by 

AY       AN AV /-V 

x    r"-r   • (5) 

Now,  according to Eq.   (4),  polarization P   is associated with  the displacements 

x of charges   in  the dielectric.    Hence,   the second term on the right  hand side 

of  Eq.   (I)   (the change  in  the energy density of a dielectric placed   in an 

electric field E)  gives  the corresponding change  in the pressure, p,  of the 

dielectric.     Designating by B  the Bulk modulus of the dielectric, 

1   -  - ' iV its 

the corresponding change   in the electric  susceptibility  is  then given  by 
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41-  "  AV . A£..lx_ii (7) 
X V        B        B      2 ' K" 

+ ^4E21       . (8) 

Eq.   (8)  describes  the nonlinear character of  the dielectric constant  E   in 

strong electric fields due  to  the elastic properties of  the dielectric. 
9 2 >v 

Using  e ■ 2 and  8 ■  3-5 x  10    dynes/cm    for Teflon,    we  find 

(stat vV 
cm    ) 

6 x lO-12 lii^-ll 

Thus, the nonlinear part of the dielectric constant is inversely proportional 

to the Bulk modulus B.  Since Teflon has a particularly low value of B, the 

resulting dielectric contribution to intermodulation products will be higher 

for Teflon than for other dielectrics. 

As reported by Altshuler and Holstein in "Dielectric Cont .bution to 

Intermodulation Fields," y2«.1350.SA-017, 20 September \3lU.     They quote 

the Young's Modulus as given in Modern Plastic Encyclopedia.  However, 

the Handbook of Plastics, 2nd Ed., 19^9, p. ^29, reports a 0.\%  deforma- 

tion of Teflon at 1700 psi.  This would translate to a bulk modulus of 
11       2 

about I.I x 10  dynes/cm , 
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III.     PROPAGATION AND  GROWTH  OF   I.M.   FIELDS   IN A TEFLON-FILLED  COAX 

A-. IT /s 

M r-L"'^ 
I       2        \ 

w 

Figure  1.    Geometry of coaxial  cable. 

We consider  the propagation problem in a coaxial   cable.     In a dielectric 

medium of  the coax,   fields are described by Maxwell's equations, 

V x  H - — -- - - IE -r-- + t  —I       ; (10) H - i 1° . i /E 3£ + e 3L\       • 
c at    c ^ at       ät^     • 

7X E - -i||.        . (11) 
c  3t 

The  input field   is a sum of  two fields with  frequencies ui. and uu: 

E - IE.  COS   (w.t - kz) + E, cos  (u0t - k.z)) e' (12) (E.  COS   (w.t  - kz)  + E, cos  (ujt - k.z)! 

In Eq.   (12), we have explicitly  included the attenuation constant, 3,  for the 

-: .»ax, 

J/2 

a + b    \8w o/ 2B .t^-S.   iSi-ii       , (13) 

where a,  b are  the   Inner and outer  radii  of  the coax,  u  Is  the frequency, 

o  the conductivity of  the walls of the coax( and E  the dielectric constant. 

Al-75 



'♦351.5.7^-18 

We calculate I.M. fields generated by the input field. The nonlinear 

constant e is given by 

e - e (1 + Y E2)  . (IM 
o 

Substituting Eq. (]k)   and (12) into Eq. (10), we find that the right hand side 

of Eq. (10) has component» at the I.M, frequency u ■ 2u.   - w«. We shall 

designate them by A .  In turn, these I.M. components can be regarded as a 

source term (specifically, source currents) in Maxwell's Equations describing 

the propagation of the I.M. fields in the coax. 'These then become 

eo 3E ^ '»ir , /lc. 

where the source term^ir/c) j  is equal to s 

Yf 
^ •  - A       O  r 2 _    -3ßz   , /    , \ m\ — J. = A, - - -r—UJ E,  E0 • e    • sin(u)t - k/)   ,     (17) 
c Js   s T*ru*]    c2 

where k - 2k. - k., and j  - j (r), E - E(r).  Eqs. (15) and (16) can be 

solved directly, and a growing solution (Tor small distance z along the axis 

of the coax) for H and E fields can be obtained.  However, if we also wish to 

account for the attenuation of the I . ^. produr.ts due to the finite conductivity 

of the metallic walls of the coax, it is advantageous to adopt a different 

method for solving Eqs. (15) and (16). This method, based on the energy con- 

servation principle, recovers, of course (for small z) , would-be-obtained 

solutions by the direct integration. 

Energy conservation (Poynting's Theorem) yields the relation 

-/stf xHln--/dVE   •  1 j^/dS[f   x  iS!     =• -/dV f  • J. (IH) 

where   the volume   integration   is  performed over  the  vol    ne  bounded by  surfaces 

S.     Choosing  the volume element  as shown   in  Fig.   (I),  v-t    integrate  the 
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►       > 

f'ttynliny's  vectors T— [t  x  H]     over   the  cross  sections   1   and  2  and over 
' " «411 n 

ihr wall   surfaces at   r " a  and  b. 

Using  the  relations   (valid  for a coax), 

Mr)   - /F    E   (r)   -  /T   iE(a)       .    a  ^  r  1 b (19) 
(f r r 

and at the conducting walls, 

H   (b,t)   - H   (b)   cos(wt  - kz) 

E (b>t) . - l^l'72 %(b) cosU " kz + r)     . (20) 

tq.   (18)  yields 

b    _ __ 
a      dz "IT 

^^.t^i. - (,. ^f „2(b) + !^i b (i,^).-'- , (21) 
i»/r 

where we have defined A by 
o 

As = ° e'3ßz sin(u)t - kz)  , (22) 
r 

and we have averaged over a period of the I.M, wave.  In Eq. (21), the left 

hand side gives the change of the power flow in the coax per unit lengtn z. 

The first and second terms on the right hand side of Eq. (21) are, respective- 

ly, losses at the walls of the coax, and the driving power generated inside 

the dielectric of the coax (per unit length). Eq. (21) Is finally rewritten as 

^M--a(H(b) -d .e-
36Z)  ' (23) 

which, with the boundary condition that H(z - 0) - 0 nas the solution 

where 
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I   (tu V/2      a^b        . (25) 

(26) 



kiSVJjh^W 

IV.      :)ISLUSSI()N 

Lt(<,.   (2'«)   -   (26)  are  the basic  results of   this paper.     We  see   that 

lor  small   distances  z along  the coax   (z <   ("'     (3g)     ),  H-field grows  linearly, 

H(b)   ss ndz as i'r^ E/(a)   E2(a) (0   • (27) 

ditd   the   I .M.   power quadrat ical ly , 

^4^,^(4^) 2    Y2 e 3/2 IT2 

—W —E^U)   E2
2(a)f    1        (28:1 ■ftt 

(A is 1 .M. wavelength in vacuum.)  The I .M. power saturates at the scale length 

/ = z   and for greater distances is attenuated as e      (Notice that the 
max ____ 

input power is attenuated as e"2ßZ( where (a/B) ^ /w/w. .  Hence, though 

different, the two rates are of approximately the same order of magnitude.) 

1       m M3g/a) 
max       3ß -a 

Figure 2.    Variation of  I .M.   field strength with  length of coax. 

The I .H.  products can be related to the two input powers P.  and P.. 

We provide some numerical  estimates applicable to FLTSATCOM. 

For j.  = 2* x ll»6 x 106 sec'1, u, - 2n x 266 x 10    sec"1 ,   the  1 .M. 
» -2 

frequency  is 26 Mc.    Then,  for a co«x with radii a -  (b/3) ä 5 x  10      cm 
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(coax UT  I'll)  copper conductivity o - 5.8 x 10 '  sec'   ,  and P,  "  P2  • 30W' 

we find   (in cgs units unless  specified otherwise): 

-A      -1 
26   « 3.5 *  10      cm 

a   «   6 x  10 cm 

z        as <4 x  10    cm 
max 

X    » 1.15 x  10    cm     (in vacuum) 

H1M(b) » 1.5 x  10H2 E,2^)  E,(a)fiU 6 x  lo'"^)    gaus i|M\u/   »   i.?   A    iw t,     \a/    t.' 

(or,      ^«5 x  \0']k    gauss/cm) 

, PIM       ,       m-22     W  « 
(or,       -y- ä 3 x   10 -j-} 

z m 

H
mav(b) *  ' x 10"10    gauss 

P =s   1  x  lO'19        watts max 

Note   that for  short di«ti~ces,  HX  and  PX     are   independent  of   I.M. 

frequency.     The  same   is  not   true   for   th«  peak  field,  Hmax and   peak  power, 

P       ,   however, 
max 

For  operating conditions  such   that  ui,   =  2TT  x  270  x   10     sec and 

UJ2  =  27T   x  2l»0 x  106  sec'',   the   I.M.   frequency   is  WO  Mc.     Then. 

-k -1 
a *    2.2  x   10 cm 
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.3 
*****  2-8 x  ,0"   cm 

2 
A « 10      cm  (in  vacuum) 

H      (b) ä 6 x lo"10    gauss max " 

-18 
P        a 5 x  10 watts 

max 

Notice,   that  for constant   impressed powers P.  and P,,  H{b)   and P       vary 
-3-1« 12 IM 

for small   distances as a      and a     ,   respectively, whereas  the peak values 
-2 

H and  P scale as a     .     For  FLTSATCOM operating conditions,   I .M. 
max max 

frequency   is  300 Mc and coax  radius   (coax UT 250)  a ■  (b/3)«   0.08 cm.     For 

P.   » P    - 30 W,  we  then find 

a  «1.2 x  lO"1*    cm"1 

z        « 5 x   lO'' cm 
max 

H(b)   «1  x  lO-11 (i)     gauss 

(or. ü*l  x  lO"13      Müü) 
*  z cm 

114 (f)      er9/! P « 1» x  10        l-rj     erg/sec 

P -91      U 
(or, J-yasi« x  10 "     Zj ) 

z m 

H
Mv a '-9 x 10"10    gauss max 

P       »1.6 x lO-18   watts max 

In conclusion, we wish to emphasize again that  the power developed  in 

the   I.M.   frequency depends  inversely on Bulk modulus squared.     It   is  there- 

fore very  important to ascertain what the correct value  Is.    The uncertainty 

over this quantity has been discussed  in the footnote appearing on page k. 
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ABSTRACT 

We Investigdte Intermodulatlon production In coaxes   due to the nonlinear 

character of the [v x B] term In the Lorentz force driving the conduction electrons 

in the waveguide walls.   We consider two Impressed signals propagating In a coaxial 

cable in the TEM mode.    We find that the power developed In the I.M. product 

depends upon the fourth power of the ratio of the cyclotron   and collision frequencies, 

and is inversely proportional to the conductivity.    For FLTSATCOM testing conditions 

(coax UT 141 with copper walls and filled uniformly with Teflon), the power of 

I.M. products of third order (w ■ 2 «i - u«) var^s for short distances as 

P ■ 7 x 10"26 P* P2 z2 watts 

where P, and P» are the Impressed powers In watts and z Is cable length In meters. 

I.M. power reaches Its maximum at a distance z      ■ 28 meters and Is attenuated 

for distances greater than z     .    For I.M. frequency f ■ 300 Mc and Pi " P? " ^0 watts, 

we find Pmax » 5 x 10'19 watts.    For FLTSATCOM operating conditions (coax UT 250) 

I.M. power varies for short distances as 

P ■ 2.2 x 10'27 pj P2 z2 

-20 
and peaks at Pmax ■ 3.5 x 10      watts for 50 meters of cable. 
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1.   INTRODUCTION 

The purpose of our Investigations Is to determine the minimum I.M. power 

to be expected In a coaxial cable solely due to the Intrinsic properties of its 

components. In this particular report, we study the intermodulation production 

due to the nonlinear character of the Lorentz force. 

Due to the finite conductivity of a metal, electromagnetic fields propagate 

into the coax walls and drive the conduction electrons. The electrons have a 

velocity which has both, hirmonic components of the driving fields, and, vid the 

[v x H] term of the Lorentz force, also components at I.M. frequencies. The I.M. 

velocities are calculated in Section 2 of this report. The I.M. currents drive 

the TEM mode in the coaxial cable, this is discussed in Section 3.  In the 

Discussion section, we give numerical estimates of the I.M. products generated 

due to the nonlinear character of the Lorentz force and relate them to those 

generated by the thermal heating of the coax walls. 

2.   THE NONLINEAR CHARACTER OF THE LORENTZ FORCE 

With a finite relaxation time and charge separation, the equation of 

motion of a conduction electron in an electromagnetic field is 

-»• ■> 

dv +vv-i(E - 47tP+ ^x H) (1) at     m        c 

where v      i      is the electron collision frequency  (T  is the relaxation time) 

and the electronic polarization P is given by 

P = ner = ne/dt v - ^ r  • ^ 

> 
«liere r is the unit vector in the direction of the polarization P. 
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For   R.   F.  fields of our interest, Eq.   (1) can be immediately simplified. 

13       -1 In good conductors,  the electron collision frequency J   • 10     sec    .    The R.F. 

8        -1 frequencies in our intemiodulatlon problem are of the order of 10   sec Hence, 

the time derivative   ^r " iw v « v«, and in what follows, we shall  neglect the 

df tem on the left"hand side of Eq.  (1).    Eq.  (1) is then rewritten as 

v = sr E - -^ v. r + Cv x —] (3) mv       vw    r v 

2 
where the plasma frequency u»p = v™     and the vector of the cyclotron frequency 
►       efl 
% = ^ •      To solve Eq.  (3), we form the products 

tV X ^  = i^E X a.H]  - ^- Vr[ • X WH]  - 1 (a.H(v  '   MH)  -  V a,/) (4) 

and 

2 

'» ' "H> ■ ii5 <E ' V ■ ^ • yr^ " "H>- (5) 

Velocity v can now be calculated by substituting Eq.  (4) and (5) into 

Eq.  (3).    Before doing so, however, we simplify Eqs.  (4) and (5) for the geometry 

of the fields in the metallic walls of a coaxial cable.    For the TEM mode, the 

magnetic fields are concentric with the walls of the coax (see Figure (1)) and 

the electric fields have both tangential and radial components (due to the finite 

conductivity, the charges Inside the metallic walls do not move Instantly 

in response to changes in the fields, and do not produce the correct surface- 

charge density which would give zero electric field Inside a perfect conductor).* 

* One can show that the magnetic field In a good conductor 1s H. (r) : He'       e 

where & is the skin depth, and the tangential component of the electric field 

E,  • /nu-   (1-1) O x HJ.    From the continuity of H and the equation connecting z    v oiiff 9 
>        -►      ■> 

E to yx H (Ampere's law) on either side of the surface, one can show that there 

exists in the conductor a small normal component of electric field, Er: ^ H^ • 

Al-85 



4351.5.74-20 
Page 4 

Furthermore, since the polarization vector P points In the direction of the radial 

coordinate   r   only{the direction of the charge displacement In the coax walls), 
-*■    ■* 

the scalar product (v ' uH) s 0.    Hence. Eq.  (3) becomes 

2 9* 

v(l - -^y) + -^- vJr + [r x -^3  --1 (E + [E x -^ ]). (6) Z'      VW     rx       ■■       v '"   mv L v J/ ' 

First, we solve Eq.  (6) for the radial component vr = (v ' r) r: 
♦ 

:   .   e   Er ! Vz x ft 

1 - -S + -E. 
Z VIM v 

2    31   -1 *i ' In good conductors, the plasma frequency u)p ; 10  sec . For the magnetic fields i- 

of interest (H : 3 gauss) the cyclotron frequency w - 5 x 10 sec" . Hence, 
2        2 

up U)„ 
—   » 1 » -5-   and Eq.  (7) can be approximated by 

V 

V   -S-ME   ♦^EJ. (8) r     m     2     r       v    z 
«p 

From Eq. (6), the component v (v = (v ' z) z) along the axis of the coax 

is: 

2   2^ 
vz(l-4)+^vr[rxf]^(E2+[ErxJ]) •       (9) 

V      V 

Substituting Eq.   (8) into Eq.   (9) yields finally the simple result 

"H 2 2 
eE7 1 + {-£)'       a 2u/ 

vz = ^--^7   ^(l+^-)Ez       , (10) 
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which is valid for any harmonic component of the velocity v, and where H and E 

are the total fields acting on the electrons. 

3.   INTERMODULATION CURRENTS AND FIELDS 

w (a) w(b) 

rigure  1.     Gootnctry ot Coaxial Cable. 

We consider a coaxial cable carrying two signals and   frequencies u». and w», 

The fields are described by Maxwell equations 

'*H-FI? + :T<V'E> (ii) 

vxE - - -^ i 3B 
C  3t 

where j is a source current (If any). 

(12) 
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Equations (11) and (12) yield, for either frequency,    fields In the 

dielectric (a <, r <^ b): 

Vr) " ^1T {r) B ff005 (u,t " kz) (13) 

where I Is the current In the coax walls.    In the metal  Interior, 

(- - f) H^ - H(b)e "r/,5 cos |.i.t - H u^i 

J/2 
(^)       *M e"r/6 cos (^ " T + ?)' Ez - - I^rl      H(b) e-'/0 cos (^t -^ + H Ms) 

where r Is measured from the outer radius b (a similar expression describes 

fields in the Inner wall of radius a).    The skin depth 6 is given by 

«■ 77^17? (1G) 

where o is the metallic conductivity. 

->■ 

The vector of the cyclotron frequency u)H In Eq.  (10) is a sum of two 

vectors. 

'H      mc   (H1  + H2' «,.     zr (H,  + HJ (17) 

where the fields H,  and Hp are given by   Eq.   (14)  for either impressed frequency 

Similarly, 

K'K\*K2' m 
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where t    ,  and E_ 9 are given by Eq.  (15).    Substituting Eqs (14) thru  (18) 

into [q.   (10), we find that the right-hand side of Eq.  (10) has components at 

the I.II.  frequency u = Zu, - u«.    These components, a result of the wave beating 

of  two signals with frequencies u*,  and ou, represent a source term in Maxwell 

equations for the I.M.  fields.    We calculate the source currents by using the 

relation that the current density 

■♦ 

j s nev (19) 

Using Eqs,  (14) - (19), Eq.  (10) then yields the I.M. sourr.»,: current (directed 

along the axis of the coax)*. 

j    - - A cos(ut - 7+ Y) e-3r/6 (20) s o 

where 

1/2 

b 
^^♦jjjj^j      Hf(b)Hj(b). (21) 

and where we have assumed that the two skin depths ö-j = 62 = <5-     nH is the 

cyclotron frequency per    gauss, a. ■ =|- . 0 is the metallic conductivity. 
0 

a = (ne /vrn), and 

-1 Z2^ - }/^z\ 3 ten   '   —1—-M. (22) 

* The I.M. current density in the radial direction is negligible by virtue of the 
smallness of the radial component of electric field, Er (see footnote appearing 
on p. 4). 
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Eqs.   (20) and (21) give the I.M.   current density generated In the outer wall of 

the coax; similar expressions give current density in the Inner wall   (radius a). 

Notice, that the I,M. currents are generated within     one-third of the skin depth, 

6/3. 

We i JW calculate fields supported by the source currents J .    Since 

the calculation proceeds In exactly the same way as our calculation of the I.M. 

fields generated by the thermal intermodulatlon mechanism* (we merely   substitute 

j    as calculated In this report for the thermal  currents, Eq.   (12) of our  report 

on the thermal  intermodulatlon), below, we shall   sketch only the main features 

of our derivation.    For further details, consult our paper on the thermal  inter- 

modulatlon. 

Since the ratio of the current densities 

J  (b)      A. (b)        3 ,     v 
I»        , .>    , , iL. (23) 
Jg^T     /TUT     b3 

also determines the ratio of the corresponding fields and currents, 

11  (b)        J I   (b)        2 

\öö'7 ;  W  ?   * m 

additional currents must be set up on the coax walls such that the sum of the 

driving and induced fields satisfies boundary conditions appropriate to  the 

TEM mode: 

* See our report, J.  Z. Wilcox and P. Molmud, Thermal   Heating Contribution to 

Intermodulation Fields  in Coaxial  Waveguides  (Addendum 1). 
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Hja)  .^ Hd(a)  ^ Hjb)  ^ Hd(b) (25) 

where subscript,ind,means induced and I is the total I.M. current, and subscripts, 

in,and,d.designate fields in metal and dielectric respectively. On the other hand, 

from Maxwell Equations (11) and (12), H-field in the coax wall  satisfies 

32H „     3H ,     31 
m 2 m       4TI     Jc 

it UKS 
2 at 

(26) 
r.   Dr 

where 6 and   u (u ■ Zu-, - ^ are respectively I.M. skin depth and frequency 

and j    Is the source current (Equation (20)). 

Making the approximation that all skin depths are of approxltrately the 

same order of magnitude, and using the boundary conditions, Eq.  (25), we find 

that H-field and the tangential component E   Inside the metallic walls are equal 

to respectively 

"J") (■ 
irA. 6 

Hd(b) " 5c cSs »)e        * 5c cos i e 

x si n   (ut-j+Y  + n 

(27) 

and 

r    -    c   ^Hm     *I  i ^ 
4no y 

(■ 4TTO6       Id     5c cos * 

(28) 

je cos juit + ♦ + Y - ^ - J j 

-3r/6 
+ i^e ICOS  f oj t  +   * +   Y 
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where the I.M. amplitude H.(r) (as yet undetermined) satisfies 

Hd(r) = ^-Er{r) -^ (29) 

Eqs.   (27 -  (29) give I.M.  fields In the outer wall; again, similar expressions 

give also fields inside the Inner wall   (radius a) of the coax. 

To calculate the growth of the amplitude H.(r) we use the fact that the 

.» in power P    (P   ■ /( 

per unit length Is giver, by 

change in power P    (P   ■ /ds    ' S  , see Figure 1) crossing the coax crosi. section 

dP ,     /• 
-JL m±   f "-        '      ^     cfs     .S (30) 

w        w 

« 

where S   and S   are respectively components of Poyntlng vector S parallel and 

normal  to the coax walls and AZ Is the length Increment along the coax axis. 

Including into our picture also the attenuation rate of the impressed fields 

(impressed fields attenuate as e     ), 

- J   1   U      fei1'2  . (31) 
ab   IJl  T- 

where OJ stands for u, or wp, and using the result that the power 

p .-■£-. b2  ^n MH2(b)   . (32) 

Eq.  (30) yields (for further details, see our report on the thermal   intermodulation) 

the I.M. amplitude 

Ai-q? 
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H(b) " ^ä (e"3" -"") ' (33) 

where 

a^ W ^^hN  ;"s2" (34) /tnbUB^J       ."-'.,-«2 

4. DISCUSSION 

Equations (33) & (35) with Ab given by Equation (21) are the basic results 

of this paper.    The main conclusions can be summarized as follows:    For small 

distances z (z < o    ), H-fleld grows linearly, 

"..M.<'»-^(
1
 ^vii^T (4 ^ H*(6) J    (36) 

a 

and power quadratlcally. 

3\2 /4Ü ^■m^-^Y^ z2 

(37) 

■m)^-^) lTW2\p2p      2 P1 P2 z 
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(P1 and P2 are the Impressed powers of signals ^ and ^2 respectively.)    The I.M. 

power saturates at the scale length z ■ z       and for distances greater than z 

is attentuated as e   aZ.    (Notice that the input power is attenuated as d'2 z, 

where a/ß ■ /W/ü^    Hence, through different, the two rates are of approximately 

the same magnitude). 

max 
£nO(VO 

30-u 

Plpire 2.     Variation or  l.M.   Field Strength with Length vi  Coax. 

The magnitude of the I.M. products generated via the nonlinear character 

of the Lorentz force can be related to magnitudes of the theriiiil   intf   imduldtion 

products by forming the ratio 

's,Lorentz 

's,Thermal 

Lorentz 16;rC. 

A Thermal 

/ ^   "2 - "1    FT7 

\   J)   Si^  - ~2 \      '-'2 
(38) 

where c    is the specific heat and  , is. now the thermal coefficient nl   the 

condu» tin') of  tiie metal  (for derivation, see acjdin our paper on the thorrml   inter- 

modulation)-     Notice that    R is  independent of  the coax radius, but rather,  is a 
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fumlion of the physical  parameter of  the metal  as well  as of the impressed 

frequencies. 

We provide some numerical  estimates of the  I.M.  products applicable to 

both FLTSATCOM testing and operating conditions. 

For „j      2n x  146 x 106 sec    , u- = 2TI x 266 x 106 sec"1, the I.M.  frequency 

is 26 Mc.    For copper conductivity a - 5.8 x 10     sec'  , specific heat 

c       3.2 x 10    erg cm'    deg'  ,  thermal coefficient y = 4.3 x 10"    deg" , collision 

frequency v = 4 x 10     sec'    (corresponding to relaxation times T = 2.7 x 10'     sec,  using 

free electron mass and conduction electron density In copper n « 8 x 10     cm"   ) 

7 -2 
the ratio nu, =4.5 x 10     and R = 0.42.    Then, for a coax UT 141 (a = b/3 » 5 x 10     cm), 

M/v 

Teflon dielectric constant e = 2 and P, « Pg « 30 W, we find (In cgs units unless 

specif led utherwise) 

-4      -1 
26 » 3.5 x 10     cm    , 

-5     -1 
a » 6 x 10    cm   , 

3 
Zmaw Ä 4 x 10   cm, 

Hj M (b) a 3.5 x 10"14 H^(b) H2(b)z   gauss, 

(or, iM«8.7 x ID"14 gauss cm"1) 

Pj M   « 3.4 x 10"26 P2 P2 z2 watt (z Is In meters) 

(or, -y^*9 x ID"22   ^) 
z m 

H
m,v(b) » 2.7 x 10"10 gauss, 

p
m.v « 10"18 watts . 
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For a^ • Zrr x 270 x 106 sec'1 and w« ■ 2« x 240 x 106 sec'1,  the I.H. 

frequency Is 300 Mc and R » 6 x  10   .    Then, 

a « 2.2 x 10*    cm'  , 

W*2-8* lo3cn1' 

H(b)* 5 x lO'^H^b) H2(b)z gauss. 

(or. HMä1.2XIO-13 a^ii 
z cm 

P » 7 x 10"26 P^ P2z2   Watt (z 1s in meters) 

(or, ^-»2 x 10"21    K) 
z m 

H^ib) m 2 x 10"10 gauss 

Pmav M 5 x 10'19   watts. max 

Notice, that for constant impressed powers P,  and P«, H(b) and P vary for 

-4     -6 small distances as a   and a   respectively, whereas the peak values H  and max 
-3 -4 P        scale as a        and a        respectively.    For FLTSATCOM operating conditions, 

I.M.    frequency is 300 Mc and coax radius (coax UT 250) a =  (b/3) =  0.08 cm. 

For P1 = P2 = 30 W, we then find 

-4     -1 
6 «a 1.1 x 10     cm 

-4    -1 
a a» 1.2 x 10     cm    , 

znidx « 5 x 103 cm. 

H(b) w 3 x 10'UH*(b) H2(b)z    gauss. 

(or. H^«1.3x IQ-14^^) z cm 

Pä 2.2 x 10"2/    P2 P2z?   watt (z is  in meters). 
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(or. P
2-«7 x 10'23   ^ )    . 

i in 

H
mav(

b) *3 x 10"11   gauss, 

Pmaw «3.5 x 10 £U   watts, max 

We note finally that the I.M. power depends upon the fourth order of the 

ratio u...   = e/mcv (or, second order of the parameter R).    Hence, in order to 

determine the correct value of the IM products generated via the nonlinear 

character of the [v x H]   force, it is important to determine the exact values of 

the electron effective mass m and the collision frequency v.    In our estimates. 

we have used the free electron approximation for the conduction electrons. 
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ADDENDUM 4 

DEVELOPMENT OF A COMPUTER MODEL FOR ELECTROMAGNETIC 

FIELDS IN TRANSMISSION LINES AND COMPONENTS 
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IN1RODUCTI0N 

A mathematical  approach has been formulated which will enable solution 

ot electromdynelk field problems within closed geometries such as cavities, 

cdblos and eventually, more complex structures.    The components or structural 

elements may be specified in terms of the dimensions and the electromagnetic 

parameters of the materials, namely permittivity, permeability and conduc- 

tivity.    The analysis is based upon the use of multiple Laplace transforms 

for explicit solution of Maxwell's equations in three dimensions.    The 

intermediate results are in the form of algebraic expressions for transforms 

of field quantities which are manipulated in the same fashion as are the 

transfer functions in linear system theory.    The results are formulated in 

terms of generalized impedance and admittances.    The analogy to the expres- 

sions of transmission line theory is complete and, in fact, includes them 

as a special case.    A computer flow diagram is presented for solution of a 

typical problem.    Time has not permitted generation and checkout of a compu- 

ter program. 

The fact that the parameters of the medium, for example finite conduc- 

tivity, and the size of the component relative to the wavelength presents 

no mathematical limitation in the development of the equations indicates 

that the results will be useful for the effects of the size and materials of 

microwave components upon intermodulation products and similar problems. 

Since the results are essentially transfer functions for the electromagnetic 

fields, it has been possible to formulate the equivalent feedback problem 

for the fields interior to a component and thereby obtain the effects of 

multiple reflections, or cavity modes, and for multiple section media. 

In the following discussion the approach and results will be discussed 

briefly and illustrated by the computer flow diagram for the computation of 

the fields within a very small filament or whisker such as may be found 

inside a UHF coaxial component. 

The method outlined here is not limited to coaxial components, or to the 
UHF range. 
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DISCUSSION OF THE APPROACH 

The mathematical approach used depends upon a somewhat unfamiliar use 

of the Laplace transform for solving partial differential equations.   The 

feature which Is employed Involves taking Laplace transforms of derivatives 

with respect to spatial coordinates.    As a result, the value of the fields 

at coordinate surfaces are handled In the same way as initial conditions  in 

the usual application of Laplace transforms to differential equations involv- 

ing only time derivatives.    The power of this technique is then coupled 

with the methods used In transmission line theory to obtain the intrinsic 

impedance of a medium.    It is then possible to treat the free space which 

surrounds the medium as the termination of the medium inside the coniponent, 

and therefore the free space intrinsic Impedance Is the terminal  impedance 

for the component medium.    Again using methods analogous to transmission 

line theory we may write an expression for the Input Impedance In terms of 

the intrinsic Impedance of the component medium and the terminal   impedance. 

Consequently,  it is possible to compute all of the impedances of a connetted 

set of media. 

Reflection and transmission coefficients may also bu expressed in terms 

of the terminal and intrinsic impedances.    All of these coefficients may be 

written for the set of media.    Finally, the incident field may be summed 

with the field which  is being reflected from the far end of a medium.    The 

result is an equation for the cavity modes which resembles the forward gain 

equation for a feedback amplifier.    Cavity modes, or resonances, correspond 

to the frequencies of oscillation in such a feedback loop or the poles of 

the transfer function.    In the following section a flow diagram is presented 

which illustrates the principles which have been discussed and also indicates 

the flow of information which will occur within a computer program which will 

implement the equations that have been developed. 

DISCUSSION OF THE COMPUTER FLOW DIAGRAM 

Figure 1 presents the terminology which will  be used in the following 

discussion and applies to a small   filament or whisker.    We shall  employ the 

concept of a wave which propagates and is attenuated in 5 normal  medium, 

the so-called progressive wave, and also the concept of a wxve which oriqi- 

nates as a  reflection and is propagated with attenuation in the opposite 
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direction, the so-called regressive wave.    The incident wave in Figure 1 

propagates progressively and penetrates surface 1  according to the trans- 

mission coefficient computed as indicated above.    A portion 1s also reflected 

and becomes part of the wave which 1s backscattered in the regressive direc- 

tion.   As mentioned above, the total wave within the medium Is the sum of 

the incident wave with the internally reflected waves.    The latter may be 

expressed in terms of the incident field and reflection coefficients for 

the surfaces involved.    Finally, the wave which penetrates the last surface 

(3 of Figure 1) propagates progressively to Infinity. 

MUIUM AND iNTf «FACE CONFIGURATION 
N€A« PO«T INItllFACt 

INClKNI WAVl ■ 
'MOGRFSSIVH 

RtGRFSSIVt WAVf 

FAR FORT INTERFACE 
SURFACE 3(11 

MEDIUM 4 

PROGRESSIVE EXIT 
WAVE 

PROGRESSIVE INTERNAL WAVE 

REGRESSIVE INTERNAL WAVE 

NOTATION NOTE 

SURFACES Of INTERFACE 
HAVE ODD NL'MKRS 

MEDIA HAVE EVEN NUMMRS 

Figure 1.    Electromagnetic Fields for a Whisker 

The computer flow chart is shown in Figure 2.    Two of the six sections 

which correspond to the propagation equations for certain field components 

are shown.   Briefly it has been found that the linear relation between 

field quantities which contribute to a field component, as expressed In 

Maxwell's equations, carry over into the Impedance formulation^ in two ways. 

As a result, there is a flow scheme for each linear grouping of components. 

The final field components may easily be solved from these propagation 

models.    In Figure 2 there are indicated three types of operational blocks 

at each piece of media and its Interfaces, namely reflection and transmission 

coefficients and propagation equations for the medium Itself.   All four 

sections of Figure 2 are coupled in the Impedance relations which, as 
mentioned above, resemble those of usual transmission line problems. 
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DISCUSSION OF RESULTS AND RECOMMENDATIONS 

The current status of this work Is that the algebraic formulations have 

been completed and the preliminary architecture of a computer program has 

been outlined. Some hand computations have also been made of certain quan- 

tities. The principal effort to date has Involved determination of the 

methods for obtaining an explicit solution. There were very few guidelines 

and because the work entailed carrying and evaluating six components at 

every stage the effort has been tedious and time consuming. The current 

form of the results will have to be checked out on problems for which solu- 

tions are available. After this stage is accomplished, it is expected that 

the computer program will enable computation of fields and field-dependent 

data for many types of complex and difficult structures. 
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ADDENDUM 5 

POWER ABSORBED IN SMALL PROJECTIONS 

FROM COAX WALLS IN TEM FIELD 

4351.5.74-022 
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An attractive conjecture for IM production is that sharp projections, 

whickers or bosses extend from the walls of the coax and currents are 

driven within them by the full radial field of the coax. It is reasoned 

that this is so because the projection is assumed smaller than the skin 

depth, in thickness. However, to counter this, one must contend with 

the capacitive limitation of such projections to support currents before 

depolarizing fields take effect. To resolve this problem, a classical 

scattering problem - Mie scattering - is considered; the reasoning being 

that a hemispherical boss on the surface of the metal will, for scatter- 

ing of the normal component of the field, behave as a sphere (since it 

and Its mirror Image form a sphere). 

The polarization of a sphere of refractive Index N and, where *?=■ « 1 
1 

is given by 

4ff N^+2 0 

The energy deposition per unit volume, Ü, Is given by 

Now from Maxwell's equations: 

3) N2 . ! . 1 Ino 

Therefore 

4) U " 3?  ^   Eo  ' 

Exactly the same result is obtained from analysis of the absorption cross 

section of the sphere.   To see how Important this may be, we compare It 

with the pov 

in the coax 

-5 
with the power absorbed by the tangential component of the field, 10     E. 

5>   Wntl.l ■ "'■,0 oEo 

1.    Stratton, Electromagnetic Theory, p. 572. 
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The ratio Is 

U*_^._        n        2 
fix    "tangent _   9     o   , -^ .. in( 
6)   —r" 37 TT    75 x 10 

TT    (1) 

We can gain further understanding of (4) by the following heuristic 

arguments:    The hemisphere being driven by the applied electric field 

may be considered a circuit with capacitance, ~ , and resistance   -^-y . 

The applied EMF Is then, v » 2aE.    Writing the equation of motion aiTa 

of the current as 

7)   v - RI + ^ - RI + J- - I (-L- + J-) . 2aE. c 1WC        xoira     iwa 

Solving for I, we obtain, 

OTT TU 

and current density, J ■ ■=-ä- . 
na 

9) J ■ 1737 • 
0 1üT» 

Using Ü - ^ Re(J ' E*) we obtain 

.     F 2 
10)    U-^f- 

TT   0 

which aside from the factor of 9/32 agrees with (4). 

The remarkably low value of the power being dissipated in the 
protuberance may now be understood in the light of the immediately 

preceeding argument; that is, the current In the hemisphere is mainly 

90° out of phase with the applied electric field due to the hemisphere's 

small  capacitance.    The same arguments should apply to projections of 

other shapes, such as whiskers and needles. 
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ADDENDUM 6 

INTERMOOULATION GENERATION IN RESONANT CAVITIES 

5351.4.74-21 
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We have demonstrated that the power 1n third order intermodulation 

products which are generated by the thermal heating of the coax walls, 

behaves, essentially, as the sixth power of the Impressed fields propagating 

through the coax.  Because of this unusual sensitivity to field strength 

we felt It Important to Investigate cases where the field strength could 

exhibit larger values than we had considered, namely, under conditions 

of resonance. For this purpose we continue our Investigation of coaxial 

waveguides but now employing them as resonant, cavities since their 

analysis, because of their single allowable mode. Is so simple. 

We consider a length of coax, i,  closed at both ends but with sources 

of E.M. energy at frequencies ^ and u» at one end. The E.M. energy 

propagates In the TEM mode and reflects from each end and, If the length, 

e, Is of the proper magnitude, standing waves are formed. As the E.M. waves 

propagate and attenuate In the guide, they produce modes at I.M. frequencies 

which, In turn, propagate, attenuate and reflect from the waveguide ends. 

For the proper magnitude of the coax length, I, the I.M. can also produce 

standing waves. In what follows, we shall discuss a case where £ is resonant 

for all three frequencies, however, the analysis need not be restricted to 

resonance for all or for any of the frequevKins. 

The field in the waveguide at posit Jon. x, may be broken up into 

right propagating, Hn, and left propagating, HL, fields. The field HR may 

be considered as being made up of waves having encountered respectively, 

no reflection, two reflections, four reflections, etc. Thus: 

1. J. Z. Wilcox and P. Molmud, "Thermal Heating Contribution to Inter- 
modulation Fields in Coaxial Waveguides," Oct. 7, 1974, 4351.5.74-19 
(Addendum 1). 
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„    - H    e1^ •   i-c x - 'lX [1 + RV 12-C-   ' " 2at + RV i4 ^ " ^ +...]    (1) 
K o + 

_   u      plwt   -   1   —  X   -   UX 

0  

Based upon similar condition, 

H Re ia)t + 1 c x + oX " 1 c 2l1 ' 2al1 

H   = -o  . (2) 

1 - RV12 t £ " 2aÄ 

In (1) and (2), a is the complex attenuation coefficient (a a a   (1 + i)) 

for the waveguide and R is the reflection coefficient, assumed equal at 

each end.    The amplitudes of HL and HR are maximized when 2i (7 + O ■ 

Znn, where n is an integer.    Let us assume this condition applies.    Assume also 

R * 1 and 2a A << 1.    Then 
0 

H 
u      iut - 2a £ + a X j   w "«e 0 0        / / \ ImX      1    M ^ 

tOt.l-- TI      {CO. ((«+.,)«) +.0(i-x).-—-1V}     (3) 

Equation (3) demonstrates the expected standing wave plus a traveling wave 

of low amplitude (the result of the attenuation) moving to the right. 

At this point, It may be of Interest to determine the "Q" of this coax 

being used as a resonant cavity.    "Q" Is defined as the energy stored in the 

cavity divided by the energy dissipated In the walls per half cycle.    The 

stored energy is simply     |°      from (3) Integrated over the volume between 

the coax walls.    For a coax with the Inner and outer radii a and b respectively, 

the flux of energy into the coax Is J- H? 2ira tn 7, which In steady state is the 
HIT      Q a 

dissipation rate. "Q" Is therefore: 
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oVc  2?Ä2 (4) 
O 0 

where we have used the fact that, for a resonant cavity, 2 ^ t ■ 2nw. 

(Here, and In the following, we neglect a In comparison to ^ ). Now, when 

t ■ 500 cm, then the coax Is resonant simultaneously to f » 270 mHz, 

f = 240 mHz and their third order I.M. product 300 mHz. Setting i  = 500 cm, 

f • 300 mHz and o ■ 2 x 10  cm  (coax UT 141, see Ref. 1) In (4), we obtain 

Q « 500. 

We now return to the task of determining the I.M. products. The I.M. 

field, as are the source fields, will be considered to be composed of right 

traveling waves and left traveling waves. The sources, being traveling waves 

also, will feed energy Into only those I.M. waves traveling in the same 

direction. For It Is only with those waves which are traveling in the same 

sense that the sources maintain a constant phase relationship. 

The I.M. products are generated In the same fashion as in Reference 1. 

That is, for 0 < x < i, the right traveling I.M. wave produced by the right 

traveling source is equal to 

u       . 2d    (e"3** - e-aX) eiu,t " ]c* ' (5) 
RI"      8(or36)   (ß£)3 

2 
using the same notation as in Reference 1.      To (5) must be added all  the 

right traveling IM waves which have been reflected 2m times (m = 0, 1, .. «>) 

Actually, in addition to the propagating I.M. waves of the type as given 
by Eq. (5), additional I.M. thermal currents (at U^ZU-I-U)«) will be pro- 
duced in walls of resonant cavities (this follows upon söbstituting the 
total standing fields, Eq.   (3),  into Eq.   (13) of Ref.  1).    However, 
though    at I.M.  frequencies, these currents have "wrong" k-vector, 
k / ^, and do not support therefore propaqating I.M. modes. 
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_^d el^L (e-3^.e-a£) z e"2^ e"1! x " aX (6) 
(o-3B)    (2ßt)J m 

and those produced by left traveling sources) which have been reflected (2m + 1) 

times 

.^e^'A.        (e-3^ . ,-al) l e-2mi ^ x - ax # (7) 

(a-3ß) {Zas.r m 

When this is done, we get (for a coax resonant to all« Impressed and IM 

frequencies, and for aJi and ßi « 1) 

H ad ae •3ßX     ofl -ox     4 u 

RIM■tota, " {«-3S) (29«)3 
äad.-'f« . (8) 

Similarly, to the left-hand running IM wave, 

-Ja-   JLÜl   (e-3ß(i-x).e-«U-x))e
1?x    ( (9) 

(a-3ß)    (2ßO 

must be added all the left traveling I.M. waves which have been reflected 

2m times. 

od     e-3^ (e-3ßA . g-ciij E e-2maA e-a(l-x) ♦ 1 f X   | (10) 

(a-3ß)   {2H) "« 

and those reflected (2m+l) times. 

«d       1      (e-3ß£ e-aij t e-2ma£ e-a(t-x) + 1 ^ x (11) 

(o-38)    (2ß£)3 m 
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Summing up,the total left running wave is then 

ad    (2« --M ) e ^ c x .    (12) 
LIM' t0tal  (a-3ß)(2ßi)3 

Making finally the approximation   that, for the resonant cavity, 

ex and ox << 1 (valid for C < x < i), we get the total  IM standing wave 

The fields propagating in any direction, particularly at x ■ *, 

differ   in magnitude from the results of Ref. 1  (Eq.  (26)) by the factor 

i     '-4 

la(Z&i) 
J^-X (coaxUT 141) 

108 .  , c . lrt6 and the power transmitted in any given direction augmented by -^- ^ 1.5 x 10 

[The augmentation factor for power can be written also in terms of the Q's 

of the cavity for the various frequencies (Eq.  (4)) as 

i "i ¥3 
1  7y   

n2n3 

where the subscript refers to a particular frequency and n. = T- •] 
1 

Thus the power propagating to the right at x = £ Is given by 

P » 2.7 x 10"17 P^ P2i
Z watts (l in meters) (14) 

Taking p-i " P? ' 30 watts and n = 5 meters, then P % 2 x 10'     watts. 

This is a very large IM signal. Such magnitudes are not expected to happen 

in practice because waveguides are pretty well matched at the ends and have 

low reflection coefficients.    However, if resonant cavities do exist in 
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microwave circuits, then, because of the high fields encountered, they 

should be considered as valid candidates for IM production.    Their analysis 

will be more complicated because of the multimode structures which are usually 

allowed In such cavities. 

Al-113 



ADDENDUM 7 

INTERMOOULATION OF NOISE LOADED CARRIER 

DUE TO A POOR METAL-TO-METAL CONTACT 

74-7130.28-08 
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SUMMARY 

Intermodulation 1s analyzed due to a small discontinuous deviation 

from linearity for the case of n narrow-band Gaussian noise signal sources 

in combination.    It is found that the presence of out-of-band channel 

signals reduces intermodulation products falling in a narrow-band receiver 

channel.    This reduction was found to bt inversely proportional to the 

number of equally intense (out-of-band) signals with that number raised 

to a power equal to the order of the intermodulation products that happen 

to fall in the receive band. 
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INTRODUCTION 

One of the most commonly encountered causes  of intermodulation in 

antenna systems is the very small  nonlinearity which occurs at the junction 

of two pieces of metal that carry current.    Intermodulation products due to 

a small nonlinearity has been observed consistently even where the contact- 

ing pieces are made of the same material.    Data on the shape of the non- 

linearity is unavailable; however, it is well-known that the degree of the 

nonlinearity is quite small.    It  is so small that there has seldom been 

any reason to investigate linearity of clean metallic connections.    Where 

receiving and transmitting antennas are adjacent to one another inter- 

nnduldtion effects smaller than one part in 10 million are of major  interest. 

This situation has caused this paper to be written. 

A plausible explanation for the nonlinearity in a metal-to-metal 

connection  is suggested by a micrographic view of two metallic surfaces 

which are placed in contact.    When viewed under sufficient magnification 

any surface will appear rough.    It is then clear that only a fraction of 

the total  overlapping area is in metallic contact.    The metallic surfaces 

not in actual metallic contact are separated by a small  gap which acts as 

an insulator.    The insulated regions are formed by gaps of variable thickness 

that are best characterized as extremely thin.    Insulated regions present a 

potential  barrier (to electron flow) which is of the form supporting current 

flow-by tunnellinq.    That  is, electrons at energy levels well  below the 

height of  the potential  barrier may tunnel through the barrier because it. 

is sufficiently thin.     It is well-known that current flow by tunnelling 

exhibits nonlinear behavior at voltage and current levels centered around 

/pro.    Of course, current flow by tunnelling is presently an hypothesis 

that remains to be proven. 

Current flow by tunnelling is in parallel with the flow of much larger 

current through regions in good metallic contact.    Normally current flow by 

tunnelling is low enough to be considered negligible relative to current 

flow by conduction through metal-to-metal paths.    However, this has not 

always been the case in the FLTSATCOM antenna system.    In cases such as 

this, we must consider current by tunnelling since this mechanism may 
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explain intermodulation which is almost always observable when two current 

carrying pieces of metal  are placed in electrical contact (but not perfectly 

soldered).    We shall consider nonlinear forms suggested by tunnelling. 

The work presented here is based on the following model and assumptions. 

The metal-to-metal contact is considered separated from remaining parts of 

the structure or circuits.    This can be done without affecting the usefulness 

of the result because the nonlinearity is small.    Currents and voltages can 

be determined using linear analysis since the deviation   from linearity is 

so small.    Using the best available information on admittance at the metal- 

to-metal  lunction, voltage across the Junction may be estimated using linear 

analysis.    The voltage determined in this manner may then be considered to 

be the excitation which drives the nonlinearity associated with tunnelling. 

Since the only nonlinear effects of Interest are products that are otherwise 
absent, only terms expressing signals at new frequencies need be considered. 

These can be considered as signal sources located at the metal-to-metal 

junction.    The effect of the junction Itself and the effects of the entire 

circuit on new signal sources must then be determined In order to calculate 

intermodulation products that will be observed at the terminals. 

The purpose of the present paper Is to determine trends and frequencies 

that may be generated by a metal-to-metal Junction.    It Is hoped that the 

relations determined here will aid In deducing the nature of nonllnearities 

introduced when current flows across two pieces of metal In contact.    It is 

also hoped that present analysis will suggest experiments that could be 

performed to determine the nature and magnitude of the small nonlinearity 

associated with simple metallic contact. 

MODEL ASSUMPTION 

Whether due to tunnelling or some unknown effect, a metal-to-metal 

junction will be represented by two parallel components, one linear and the 
other nonlinear (see Figure 1).   The nonlinear path is taken to conduct a 

negligible part of the total current, I, that flows into the junction.    A 

voltage, IR , is assumed to be Impressed on the nonlinear path having a 

characteristic something like that shown In Figure 2. 
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,i I 

Figure 1.    Approximate circuit used to represent a metal-tc- 
metal contact for intermodulation analysis. 

current, M is = a(v-b) 

impressed voltage, v 

Figure 2.    A plausible model  for tunnelling current, 
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The form shown in Figure 2 can be changed without modifying the 

effects of the nonlinearity significantly by simply adding a smf.ll linear 

term to the branch representing the nonlinearity.    In order to keep the 

circuit unchanged, we add and subtract equal conductances Sü that the 

combination effect is zero.    The negative conductance is added in parallel 

with the current generator representing the nonlinearity.    The positive 

conductance is added to the shunt on the right.    The combination of the 

current generator and negative conductance Is given by 

where 

g ■ the modifying conductance. 

(1) 

ANALYSIS 

The negative term in Equation 1 Is balanced by an equivalent positive 

term that is combined with a term representing current flow in Rj.    This 

manipulation Is Illustrated in Figure 3. 

K 

h -g g 

o 

Figure 3.   An equivalent form for the circuit In Figure 1 
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Using the expression for 1    shown In Figure 2, current flowing into the 

circuit within the dashed box 1s given by 

a{v-b)-gv If v>b 

1t » | -gv for      -b <v< b 

a(v+b)-gv if v <-b 

(2^ 

Setting g equal to a, Equation 2 becomes 

-ab 

-av 

+ab 

for 

If v>b 

-b< v < b 

if v<-b 

(3) 

Equation 3 Is close to the form of a hard llmlter (see illustration in 

Figure 4). 

M TIT 
^ 

.{. 

Figure 4.    An equivalent form of the nonlinedrity shown 
In Figure 2 (as expressed by Equatio-i 3). 
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For the purpose of nonlinear effects analysi;., the nonlinear forms shown 

in Figures 1 and 3 are equivalent. This observation is based on the fact 

that the two forms differ by only an additive linear term. The equivalence 

is supported further by recalling that the additive linear and negative 

term (which was combined with the nonlinear term) is exactly cancelled by 

an equal positive term which. Incidentally, tends to lower 'he resistance 

of the shunt path (shown as R in Figure 1). Since the maximum current 

due to the nonlinearity is expected to be very small, the positive 

conductance term (combined with R ) can be neglected for simplicity. It 

then follows that intermodulation products due to the nonlinearity in 

Figure 1 can be determined using analysis for limiters already appearing 

in the literature. 

Note that considerable variation in  the shape of the nonlinearity can be 

accepted without going to something besides a liniter as an analytic model. 

For example, use of a value for "g" which 1s greater than the coefficient 

"a" will convert a nonlinearity like that in Figure 5A into a limiter. 

Use of a value for "g" less than "a" will convert the nonlineerlty in 

Figure 5B Into the limiter in Figure 4. These same general ideas can be 

applied to nonlinear forms that convert to smooth limiters having the 

characteristic given in Figure 6. The smooth Umiter In Figure 6 is given 

by 

v 

1 
IT 1    1  I^Wdx "T Jznaf r (4) 

Alternative Nonlinear Forms that Reduce 
to the Limiter Form Shown in Figure 2. 
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Current 

Figure 6.    A Smooth Limiter 

By simple addition of a linear term this smooth limiter  in Flgjre 6 

appears as shown In Figure 7. 

Figure 7.    Smooth Limiter of Figure 6 plus an Added Linear Term 

It Is clear from arguments presented immediately above that  inter- 

modulation occurring in a limiter Is the same as inteniiodulation occurring 

in nonlinearitles of the form expected with tunnelling.    The essential 

feature of the nonlinearity allowing reduction to a  limiter  is that  it must 

be described by parallel  lines for large values of the argument.    The entire 

approach presented here is based on the assumption that the nonlinearity 

does not modify the waveform which drives the nonlinearity.    Second order 

effects of the nonlinearity have been neglected.    This approach is   limited 
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to situations where a very small  nonlinear effect is combined with a very 

large linear term.    The applicability of the analysis is limited to cases 

where intermodulation is between frequency components in the driving wave- 

form at the exclusion of Interaction with new (small) components introduced 

by the nonlinearity. 

TWELVE NOISE LOADED CHANNELS 

The twelve spectral concentrations of power transmitted by the 

FLTSATCOM satellite are assumed to generate a voltage across one of the 

small nonlinearities described above.    New frequencies due to Inter- 

modulation of the applied signal will now be determined by calculating the 

autocorrelation function of the current generator, 1  , shown in Figure 1. 

The output power spectral density of this current Is then obtained by 

taking the Fourier transform of the autocorrelation function for 1  . 

Intermodulation products falling within a receiver band are then revealed 

by inspection of the spectral density of the current, 1 , at receive band 

frequencies.   Of course, the amplitude or power level of noise due to 

Intermodulation depends on the transfer characteristics of the transmitter 

and receiver antennas, and in the present context, this would be a rather 

complex relation beyond the scope of the present paper.   However, trends 

can be determined due to variation in the number of transmitted bands. 

The literature contains a considerable quantity of analysis of the 

passage of noise signals through limiters.   This work is directly applicable 

to the relation between current, 1  , and voltage, v.    [The author has given 

up the pleasure of concealing and reproducing previously published analysis, 

thinking it would be a vain attempt to amaze the reader.]   The smooth 

limiter Illustrated in Figure 6 will develop an output signal having an 

autocorrelation function given by^  ' (for Gaussian noise) 

Ri    (T) • -^-j 
1 s         2nir 

sin'1 [eCiL1 

L 1   + a J 

a'ftvTfcT 

where 

P(T) = the normalized autocorrelation function 
of voltage, v. 

^J. B. Thomas. Statistical Communication Theory, John Wiley and Sons, 
Inc.. 1969, p WT^ 
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Note that the smooth limiter defined In Equation 4 converts to the 

standard hard llmlter (except for premultlpllcation by a negative sign). 

When o ■ 0 the smooth llmlter in Figure 6 converges to the Umlter In 

Figure 4 with a ■ l/(2Kb) and b s 0. The standard hard llmlter is a good 

approximation to the llmlter In Figure 4 when b 1s much less than the RMS 

value of v. When t>e excitation is sufficiently large, coupled with a 

nonllnearlty which Is small, the nonllnearlty can be approximated by the 

conventional hard llmlter (except for the sign reversal). When the hard 

llmlter Is an adequate approximation, the autocorrelation function defining 

intermodulation products is given by (for Gaussian inputs) 

R1h(T) - —U sin"1 CP(T)] it) 
in   2nr 

We have seen that the hard llmlter In Figure 4 will introduce the 

same Intermodulation products as th: assumed nonlinear form suggested by 

tunnelling (Figure 2).    Except for a sign reversal. Figure 4 corresponds 

to the exact hard llmlter that has been treated In the literature.    A 

numerical analysis of the exact hard Umlter appears in Reference 2.    This 

analysis relates the correlation function for llmlter output to the 

correlation coefficient for llmlter Input.    The amplitude of the non- 

linearity (ab In Figure 4) is expressed In Reference 2, by X where X  is 

the ratio of the magnitude of "ab" to the RMS value of v (with v in the 

form of gaussian noise).    One would expect the exact hard limiter to 

approach the approximate hard llmlter assumed to obtain the result in 

Equation 6.    This is seen to be the case with reference to Table I and 

Figure 8.    Table I presents results taken from Reference 2 for X =   .2 

together with an evaluation of Equation 6.    Figure 8 is simply a 
plot of results from Reference 2 for X =   .2 combined with a plot of 

^2'Laning, J.  H.  and R.  H.  Battin, Random Processes in Automatic Control. 
McGraw-Hill,  1956, Appendix B. 
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Equation 6. Comparisons in Table 1 and Figure 8 were based on the 

observation that if X = ,3 , then 

4K2 
04 

where 

o is the total power of noise fluctuation of v. 

Table 1. Ratio of the Autocorrelation of Limiter Output to 

Input Noise Power (RJ/O ) as a Function of the In 

Input Autocorrelation Coefficient, p.. 

p 

R1 /a
2        1 

txact" 
Limiter 

Equation 6 

j  -05 .00126 .00127   1 

.10 .00252 .00255 

.20 .00506 .00513 

.40 .0103 .0105    | 

.50 .0131 .0133    j 

i  .80 .0232 .0236    j 

.90 .0278 . 0285 

.95 .0308 .0319    1 

1.00 .0358 .0400 

* From Reference 2 
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g   .02 
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u .005 

< 

3 
is 

.001 

EXACT ANALYSIS- 

EQUATION 6 

J. X X -L 
.1        .2       .3       .4       .5        .6        .7       .8 

AUTOCORRELATION COEFFICIENT FOR v, P 

-L. 
.9   1.0 

Figure 8. Comparison of Equation 6 with the Exact Hörd Limiter. 
The exact hard limiter appears the same as Equation 6 
except for p greater than .95. 

All of the nonlinear forms described introduce intermodulation products 

that are described by the Inverse sine function if the excitation is large 

compared to the width of the transition. We have seen that the exact hard 

limiter and smooth limiter differ In descriptive coefficients but not in 

form. The output autocorrelation is expressed by the inverse sine of the 

correlation coefficient for the driving signal. This is a significant 

observttion even though the Fourier transform of the inverse sine function 
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is not expressible In closed form. The significance of the observation 

is revealed in the series expansion 

3 
arcsln P - p ^ P

T ♦ jj P" + Jjy P' ♦ P      .    3 _5 .    15 .7 

for p < 1 

-4 < arcsin p < -j 

Intermodulation is determined by terms with p raised to odd powers 

higher than unity. 

The autocorrelation function, p, is determined by all narrow-band 

signals which are present In combination.    In order to determine, p. we 

consider the autocorrelation function for a single narrow-band channel. 

Computations can be simplified by using an approximation for the 

passband which simplifies the expression for p.   When expressed In terms 

of the usual Fourier transform domain (which includes negative frequencies), 

we approximate a narrow-band noise loaded channel by 

1 

F1   («) 
sln^+ujif,      s1n{u)j-w)B. 
 1—   + «|— N 

where UJ =   2nf^ (7) 

f^   ■ center frequency of the channel 

B1 = bandwidth of a narrow band channel 

The autocorrelation function for this narrow-band noise signal  Is then 

given by 
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JUT 

or 
J 2? 

where 

RJ(T) ■ NB1 ^(1+ I ) - U(T- i )jcos u.^ (8) 

U(T+ g- ) ■ unit step function at (t ■ - i ) 

We shall assume all twelve of the na«"row-band channels arr ;r ; 

pendent so that the autocorrelation function of all twelv- channels 

can be written 

R(T) ■  ^(«^(«H.-.^^Cu))"] eJwTd| (9) 

It is then clear that the autocorrelation function for all twelve 

noise loaded channels Is simply the sum of the autocorrelation functions 

for each Individual channel. 

Let us consider the autocorrelation function for n channels with 

identical bandwldths and well separated center frequencies.    The auto- 

correlation function for this combination Is then 

n 

Rt(T) = NBru{T+ i).u(  - |)j    2^   cos V (10) 

1  = 1 

and the related autocorrelation coefficient is given by 

n 
Rt(0       , 

pt(x)  = R^m= n U(T+ 1)-U(I-   gjj    ^T    COS  ay (11) 

1   =  1 
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The autocorrelation function for the output of the assumed limiter 

is then 
n 

R, (t)-^F -'H n U(T- 1)-U(T- i)] ^ COS w^T (1°) 

i = 1 

and the power spectral density in the output of the limiter is given by 

F0(w) -    j   Ri   (T)e*JwTdi 

■    /^K'ln^ 2(ab)2 I sin'1 <r X '  cos w.t 
n    7      "- "I 

1 ■ 1 

e w   dt (13) 

The limits on the Integral allow the unit step functions In the definition 

of p to be dropped. 

Since the Integral in Equation (13) can not be expressed in closed 

form, the series Just before Equation (7) Is substituted for the Inverse 

sine and 

1 
B 

F (u) -    (   2(ab)2 FP ♦ PL +   1-3     p5 +    1-3-6   p7 + ..    e"jwTdT 

where 

■W  Zw   C0SW1T 

1 -1 

When our only interest is in new frequencies we consider the term 

containing p   and higher power terms after this Is complete. 

Al-129 



3 . 1 0   ? COS u.|T 

L 1 » 1 
(15) 

Equation (15) can be rewritten as 

3 . 1 
'   7 

n 

/ i   cos W.T ♦ 3 
1 '  1 

n 

E 
1 = 1 j - 1 

/   COS  üd.T COS -J 

n n    n 

1 « 1 j « 1 k ■ 1 
j * 1 k * 1 
j * k k * j 

COS  UJ.I   COS   a).":   COS   OJIT   J (If/i 

By using trigonometric Identities, the powers 1n Equation (16) can 

be eliminated and the result Is 
n 

i   ■ -4-    2^   T   (cos 3U^T + 3 cos W.T) (17) 

1  -  1 

n n 

j   2^ 2* COS(2u)1+u1)T+C0S(2u)i-0Ji)T+2COSw.T 

i  ^   1     j  -  1 

j  *  1 

n n 

6   2^        2~J       Z-J      COS(üJ.+m. 
1 - 1    j  =  1    k = 1 L 1    J 

+UJ, )i+COS((ü.+a) .-OJ. )T 

j # 1    k ^ i 
j  ?• k    k ^ j    + COS(UI.+GJ.-ui.) t+cos(ui .+u).-uj.) 
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To better understand the trend as higher powered terms are considered, 
observe that 

5   3 1 
P = p -p 

n 

r  n 

i = 1 

T2 

COS UJ.T 

3 
cos U.T ♦ 2 

M • l i « 1 

j = 1 
j * 1 

COS w.T COS u). T 
J J 

which can also be written 

»5-S 
n T   

n   n r 

2J ^ cosiau^) ^ 1 M- 2-s      ^ C0S^i + wj)T 

i - 1 ^ L J  1 ■ I j ■ 1 

J - 1 

cos { ui "wjM (18) 

Substitution of terms in Equation (17) for p    in Equation (18) will 

intoduct new terms indicating that the following new frequencies will be 
present in addition to those Indicated in Equation (17). 

5 (JL)J » 4u). + UJI 4 uj.  - u).| 

3 Ü).    +   U).    ♦   W.   ,    3 U).    +   UI.    -    U).   , 

3 UJJ    +   W.     -    U.,    ^ U.    +    2   ü).    +   Ü).   , 

2 oj. + 2 u). - u. , 2 ü)J + a).   - 2 üj. 

3 u).  + 2 w,, 3 oj. - 2 OJ. 
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If the subscripts In the above set are allowed to take on values 

related to all possible frequencies that are present, we see that new 

frequencies Introduced by the term raised to the fifth power correspond 

to frequencies that have been defined as fifth-order Intermodulation products, 
5 

Note that p also adds terms at frequencies of third-order Intermodulation 

products. 

To provide a clear Interpretation of these results, select one thlrr' 

order intermodulation product. Any one of them will be due to A ttrm 

In p of the form A cos u) T , where u Is the angular frequency of the inter- m m m 
modulation product of Interest.    The power spectrum of fhat term is (pven by 

1 

KM a    t        A, cos ux   e'JujTdT (19) om J m m ■/ 

Completion of the integral in Equation (19) will result in the 

original form given in Equation (7). That is, the noise spectrum about 

each Intermodulation product will be the same as the excitation spectrum 

if each channel is sufficiently different in frequency to prevent signifi- 

cant overlap. Assessment of the degree of overlap will depend upon an 

investigation of all Intermodulation products. However, the frequencies 

are no different than they are with unmodulated carriers. Note that the 

shape of the spectrum In the neighborhood of each intermodulation product 

wou'id be expected to vary from term-to-term In practice. It was the 

assumption leading to a uniform amplitude on R. ( T) which caused the 

equivalence in shape for input signals and an intermodulation product. 

The analysis above emphasized the effect of added noise loaded 

carriers on intermodulation products appearing in a given receive band. 

The following portion extends this work by replacing an artificial 

assumption with a representative form for the shape of a narrow-band 

spectrum. The spectral shape which was assumed for simplicity of 

analysis was acceptable for deriving trends with added muse loaded 

channels that were well separated in frequency. However, a n,ore realis- 

tic assumption will now be assumed which does not complicate the analysis 

very much while revealing the variation in bandspread of intermodulation 

products. 
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It is well-known thdt a number of single tuned narrow-bänd amplifying 

stages in tandoiii cdti be opproximated by ä Gaussian shape when all stages are 

tuned to the same frequency. Wo then assume that each noise loaded channel 

hits J spectral power density given by 

M")=V¥j-[-(^)2'n,6]-«p[-te)2tn,6]|"    <-) 
The autocorrelation function is then (from the Fourier transform of 

P^uO) 

R^T) » NBi exp - jjfa (B^)2 cos ^T (21) 

The normalized autocorrelation coefficient for n noise loaded carriers 

of identical bandwidth is then given by 

■tg ■ ^4-Trff «vn L "s v <22> 
L J  *     m    1 1    "    1 

The spectral distribution of intermodulation products Is revealed by 

substituting Equation (22) for p in Equation (14) (the limits on the integral 

in Equation (14) are now taken from - • to + •).    The powers on each term in 

Equation (22) simply multiply the exponent containing B..    It is then seen by 

inspection that the spectral density of the vth order intermodulation product 

is still Gaussian (Equation 20) but of Increased bandspread given by 

f (23) 
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Cross-product terms at the frequency of a given intermodulation product, 

but arising from higher order terms, have been assumed negligible. This 

usually is an acceptable assumption since higher order terms are effectively 

depressed by the coefficient on the respective terms in Equation (14) as well 

as the 1/ 2 proportionality that must be applied to each successively higher 
n i 

order term due to the coefficient - in Equation (22). 

CONCLUSIONS 

Several general conclusions can be drawn from derived results. 

1. Note that although the fifth (and higher) powered terms may contribute 

to third order intermodulation products. The magnitude of the contri- 
2 

bution is small because it is suppressed by at least (1/n ). 

2. Intermodulation products appearing at a specific frequency will decrease 

as new noise loaded narrow band channels are added to the combined 

signal if the frequency of these channels is such that the resulting 

intermodulation products do not fall at the observing frequency. A 

channel with this property will be called an out-of-band channel. It 

is clear by inspection of Equations (17) and (18) that addition of out- 

of-band noise loaded channels will decrease en Intermodulation product 

Inversely proportional to the number of out-of-band channels raised to 

the order of the Intermodulation product. (All channels were assumed 

identical.) 

3. The nonllnearity assumed (Figure 2 or Figure 4) introduces only odd 

order intermodulation products. 
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SUNNARY 

A 3/8 scale investigation was made of active and passive IM product 

suppression schemes applicable to the FSC.    Three types of IM product sam- 

pling antennas were tested.    The output of the sample antenna is used in 

both passive and active cancellation techniques.    An array of four 9-tum 

helices was investigated for usefulness as a receive antenna.    The array 

factor of this design provides an additional means of control of the trans- 

fer loss (isolation) with respect to radiation of IM products from the trans- 

mit antenna structure.   An active suppression system developed by American 

Nucleonics Corp. for use on another program was tested with the 18-turn 

receive helix.    These tests produced some 20 dB of additional suppression 

over that provided by the basic transmit antenna to receive helix path loss. 
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1.    INTRODUCTION 

This report describes a set of preliminary investigations carried out 

into active and passive IM product suppression techniques suitable for the 

FSC application. 

2.    OBJECTIVE OF CANCELLATION SCHEMES 

The objective of the cancellation schemes investigated for the FSC 

application is to reduce the intermodulation products appearing in the 

receiver input channels by obtaining a sample of the interference and add- 

ing It to the signal-plus-interference In the receiver input with the phase 

and amplitude of the sample adjusted so as to cancel  the interference in 

the receiver input.    Cancellation schemes are identified as either active 

or passive depending on whether the phase and amplitude of the sample are 

automatically adjusted by electronic means or whether that adjustment is 

accomplished manually. 

3.    IM SOURCES AND POTENTIAL LOCATION 

The IM sojrees can be located In the feed cable to the transmitter 

antenna, in the feed of that antenna, and in the reflector of that antenna. 

Their locations and relative magnitude are dependent on the physical charac- 

teristics of these component parts.    This aspect of the IM product problem 

is treated at length In Part 1 of this Appendix. 

4.    IM PRODUCT SPECTRAL AND POLARIZATION CHARACTERISTICS 

The frequency level from 292 mHZ through 311 mHZ contains the highest 

IM level and in this band the level  is relatively unifonn In spectral den- 

sity for fully loaded transmitters.    IM polarization characteristics depend 

on the spatial orientation of the surfaces on which they flow.    In the 

region of the receive antennas components both  in line with thr transmit 

antenna axis and at right angles to that axis are found to exist. 

5.    DESIRED AND REQUIRED CANCELLATION PROPERTIES 

The transfer function between the transmit antenna and the sample 

antenna should be the same as the transfer function between the transmit 

antenna and the main receive antenna for optimum performance of either the 

active or the passive cancellation scheme. 
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6.     IM SAMPLING ANTENNA CHARACTERISTICS 

For use as sample antenna a loop whose axis is in line with the trans- 

mit antenna axis, a quarter wave monopole similarly aligned, and a half wave 

dipole whose axis is at right angles to the transmit antenna axis were 

tested.    They were each located on the ground plane ring of the 18-turn 

receive helix.    The transfer loss and phase of the half wave dipole are 

shown in Figures 1 and 2.   The transfer loss and phase of the one wavelength 

loop are shown in Figures 3 and 4.    The quarter wavelength monopole was 

used in the ISS suppression, performance tests, and its transfer loss and 

phase are shown in Section 8 (see Figures 12 and 13). 

» 
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7.    ACTIVE CANCELLATION 

Active cancellation schemes have the potential of automatically adjust- 

ing for changes that may take place In the magnitudes, phases, and locations 

of IM product sources over a period of time.    Their disadvantages include 

the added hardware weight and volume requirements and the necessity for 

space qualification of any candidate equipment. 

Active cancellation techniques have been investigated in TRW in PV1 er 

programs.    One such Investigation Is described In IOC 72-732: .03-17 of 

3 October 72.    The fundamental technology Is closely similar to that used 

In the Interference Suppression System (ISS) of American Nucleonicr 

Corp.  (ANC) whose tests are described in this report.    A unit fror the 

Compass Clear program of the Air Force Avionics Laboratory (Contract F33615- 

72-C-1772) was made available for those tests which were carrier! out bv TRW 

and ANC personnel on the Building R-2 antenna pattern range. 

A block diagram of the ISS tested Is shown In Figure 5.    Pin diode 

modulators are used In the A channels and Schottky diode detectors are used 

In the B channels.    The device functions by cross correlating the undesired 

signal components (the error signal) In the main receive line with corres- 

ponding components obtained from the sample antenna circuit.    The cross 

correlation products are used to adjust the magnitude and phase of the 

injection of the undesired signal components In the main receive line with 

this injection phased so as to minimize the undesired signal in the main 

receive line. 
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8.    PtRFORMANCE OF THE ANC ISS AT 3/8 SCALE 

Figure 6 shows a photograph of the 3/8 scale transier loss measure- 

ment set-up which was installed on the roof of the antenna range penthouse 

on Building R2 at Space Park.    In the photo two of the three types of sample 

antennas which were tested are visible at the ring of ground plane of the 

18-tum receive helix.    The vertical quarter wave monopole is located on th» 

near side of the ring and the half wave horizontal  dipole is loca^'d on th* 

ring between the receive and transmit antennas.   A one wavelength horizontal 

loop was also tested, and it was located at the ring of the ground plane 

diametrically opposite the vertical monopole.    The location of the tp^t 

instrumentation 1s shown immediately below the antenna assembly in 

Figure 7.    Figure 8 shows the antenna assembly with the ANC IbS equip- 

ment in place for the active cancellation tests.    A close-up of the ANC ISS 

unit is shown in Figure 9. 

Figure 10 shows a block diagram of the test instrumentation used In 

the transfer characteristics measurements.    The outputs of two HP612 sig- 

nal generators and the HP8690 sweep oscillator are combined with hybrids 

and connected to an Al ford 508 TWT amplifier which drives the transmit 

antenna.    The 18-tum receive antenna Is connected into the ANC ISS which 

then connects into the test channel of the HF3411A connector.    The output 

of the sample antenna was amplified by about 10 dB by an Amplica Model 

50 CCTL amplifier of nominally 30 dB gain padded down by 20 dB to prevent 

its saturation.    Both transfer loss and transfer phase measurements were 

obtained for the several combinations of elements which were tested. 

Figure 11 shows the system calibration.    It gives the transfer loss 

measured using a 40 dB pad in place of the unknown.    The deviation from 

40 dB obtained over the band is due principally to the TWT characteristics. 

The reference input channel of the HP8411A converter was  taken directly 

from the output of the HP8690 sweep generator to ensure that only the sig- 

nal  from that source appeared in the reference channel.    This places the 

TWT characteristics effectively in series with the unknown impedances under 

measurements. 
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Figure 6.   Photo of Transfer Characteristics Test Setup 

Figure 7.    Photo of Transfer Characteristics Test Setup 
Showing Instrumentation Placement 
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Figure 8.     Photo of Transfer Characteristics Test Setup 
With ANC ISS In Place 

Figure 9.    Photo of ANC ISS (Closeup) 
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Figures 12 and 13 qive, respectively, the transfer loss and transfer 

phase of tho monopolo sample antenna and thr 18-turn receive helix over 

the frequency ranqp from 750 mMZ through 1000 mHZ.    The two antenna charac- 

teristics match one another reasonably well except at the high end of the 

band. 

Fiqure 14 shows the performance of the ISS over the 750 mHZ through 

1000 mHZ band with two IM components simulated.    One IM is placed at 

780 mHZ with a power level at the signal generator of -10 dBm, and the other 

is placed at 900 mHZ with a power level of -9 dBm at the signal generator. 

These two injected signals have captured the synchronous detectors of the 

ISS.    The level of the signal from the sweep oscillator is sufficiently low 

that it is able to probe the transfer characteristics of the ISS system 

without affecting the action of its synchronous detectors.    This considera- 

tion is Important to permit observation of system performance without affect- 

ing it.    For example, if only the probe signal were significant, the ISS 

would track it as it sweeps, and a maximum of suppression would be achieved 

throughout the band irresepective of the match of transfer characteristics 

between sample antenna and the main receive antenna. 

Figure 14 shows that over the band where the IM production in the 

FSC are most significant, 780 mHZ through 830 mHZ, rejection of the order 

of 20 dB is achieved by the ISS. 

Figures 15, 16, and 17 show photos of a set of spectrum analyzer 

tests which were made.    Each figure shows the transfer loss of the system 

with the ISS shut off and with it turned on.    To get these photos, the 

sweep oscillator was operated at about 100 sweeps/sec, the spectrum analyzer 

at about 1 sweep/sec, and two one-second exposures were made.   The injected 

signals simulate IM products and their levels were set at -10 dBm in all 

cases. 

In Figure 15 the injected signals are placed at 780 mHZ and 830 mHZ. 

The photos indicate that both these injected signals are reduced by about 

26 dB through operation of the ISS.    The third strong line appearing in the 

photos appears to be an intermodulation product of order 2f2 - fi.    Its 

reduction by the ISS is about 10 dB.    If it were produced in the Alford TWT 
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(a)    !SS  Turned Off 

(b)     ISS Turned On 

Figure 15.    Spectrum Analyzer Photos.    Simulated IM Products 
Injected at 780 mHZ and 830 mHZ.    Frequency Sweep 
Range Approximately 750 mHZ-1100 mHZ.     35.5 mHZ/cm. 
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(a)    ISS Turned Off 

(b)    ISS Turned On 

Figure 16.    Spectrum Analyzer Photos.    Simulated IM Products 
Injected at 780 mHZ and 860 mHZ.     Frequency Sweep 
Range Approximately 750 mHZ-1100 mHZ.    35.5 mHZ/cm. 
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(a)    ISS Turned Off 

Figure 17.    Sp 

(b)    ISS Turned On 

Spectrum Analyzer Photos,    Simulated IM Products 
Injected at 780 mHZ and 900 mHZ.    Frequency Sweep 
Range  750 mHZ-1010 mHZ.    25 mHZ/cm. 
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it would be expected to be reduced approximately as much as the injected 

signals were, hence it is suspected that it was in part produced in the 

A^plica amplifier inserted in the reference channel input to the ISS. 

In Figure 16 the injected signals are placed at 780 mHZ and 860 mHZ. 

The signal at 780 mHZ is reduced by 30 dB, and the signal  at 860 mHZ is 

reH-jced by 24 dB through operation of the ISS.    Analogous to the previous 

case, a third strong line appears on both photos, and it is reduced by 

about 4 dB by the ISS.    Again,  this is suspected to be a Zf« - f, spur 

principally produced in the Amplica unit. 

In Figure 17 the injected signals are placed at 780 mHZ and 900 mHZ. 

The :ignal at 780 mHZ is reduced by 28 dB, and the signal at 900 mHZ is 

reduced by ?1 dB.    The spurious strong line seen in the two preceding sets 

of photos is absent in this set.    A 2f2 - f, spur would be located just 

off the scale to the right, hence would not appear in this photo. 

In operation against two injected signals as was the case in these 

tests, the ISS achieves a compromise solution in that it tends to minimize 

the average interference energy of the two signals.    From the spectrum ana- 

lyzer photos, this solution is seen to be a good one also for frequencies 

lying between those of the cwo injected signals.    The envelopes of the 

sweep oscillator hits (the spectral lines) in the upper photos of the three 

sets. Figures 15, 16, and 17, when compared to the envelopes in the lower 

photos of the sets, show that the transfer loss has been considerably 

increased by operation of the ISS at frequencies lying between the frequen- 

cies of the two injected signals.    For example, in Figure 15 where the two 

injected signals are at the edges of the (scaled) frequency band of primary 

concern from an IM product standpoint in the FSC, the highest point of the 

spectrum lying between the two injected signals is seen to be reduced by 

20 dB, and the average redjction of the spectrum between the injected sig- 

nals is some 26 dB. 

For frequencies generally removed from the frequencies of the injected 

signals, the increase in transfer loss caused by the operation of the ISS 

is comparatively low.    This behavior is considered to be due in the main to 

the imperfect match over an extended frequency range between the transfer 
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loss and phase characteristics of the transmit antenna-to-18-turn receive 

helix path and the transmit antenna-to-sample monopole path. 

To increase the instantaneous bandwidth of effective suppression 

enhancement achievable by the ISS, certain steps are indicated.    The first 

is to optimize the match of the above identified antenna-to-antenna paths 

over the required bandwidth.    Equalization networks may be desirable in 

this approach.    In some cases it may be necessary to use more than one 

sample antenna.    The detector and control circuits of the ISS can be cas- 

caded, hence sample antennas responsive to orthogonal polarizations can 

supply cancellation signals to independent ISS circuits for a more complete 

cancellation.    A third approach is to subdivide the total frequency band 

over which cancellation is desired into two or more sub-bands by bandpass 

filters and make use of independent ISS circuits for each of the sub-bands. 

No degradation of the noise figure of the receive channel should be experi- 

enced provided the ISS is connected following a noise figure establishing 

preamplifier in the receive channel. 
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9.    QUAD HELIX INVESTIGATION 

An investigation has been made of an array of four helices to deter- 

mine its potential as a main receive antenna.    The interest in this design 

lies In the possibility of making use of the array factor of the four ele- 

ments to minimize its response to IM product? emanating from the transmit. 

antenna. 

Figure 18 shows a photo of a 3/8 scale model of the array mounted 

alongside the transmit antenna.    The center of the array is at the samp 

distance from the center of the transmit antenna as is the 18-tum receive 

helix of the FSC.    The Interconnections of the array are shown in Fig- 

ure 19.    The elements are orientated rotationally in the same position 

and they are connected with equal length transmission lines for broadside 

operation.    The spacing d Is chosen nominally to be a half wavelength at 

800 nflZ so that helices Nos.  1 and 2 would have a two-element array null 

in the direction of the transmit antenna, and similarly for helices Nos.  3 

and 4.    Consequently, the combinations of the two pairs of helices would 

have an array null  in thcit direction.    Figure 20 shows locatio,' of helical 

elements in the array. 

The individual helices have the same diameter,  the same coned ends, 

and are made with the same strip conductor dimensions and spacing as the 

18-turn receive helix.    Although the circular ground planes have the same 

diameter as the 18-turn receive helix, they are not provided with the ring 

structure that is used with that antenna.    The feed point of each helix is 

connected directly to a quarter wave coaxial  line transformer made of 

RG 59U cable to improve the match of the antenna element to a 50 0   cable. 

The hybrids used in the array are Anzac Model H-9. 

Figure 21  is a Smith chart plot of the impedance of the Quad helix 

array.    At 780 mHZ the VSWR is  1.2:1, and it rises  to 1.4:1 at 830 mHZ. 

Over the band from 700 mHZ through 1000 mHZ it is seen to be at most 

about 1.45:1. 

The gain of the Quad helix array has been investigated and is shown 

in Figure 22.      To make this measurement, the array  is placed on the 

antenna range and is excited by a rotating transmitting antenna.    The mag- 

nitude ot  the swing of the sinusoidal oscillations of the gain curve 
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Figure 18.    Photo of 3/8 Scale Model of Quad Helix Array 
Mounted With Transmit Antenna 
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\/A TRANSFORMERS 
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Figure 19.    Interconnections of Quad Helix Array 
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Figure 20. Sketch Showing Location of Helices 
in Quad Helix Array 
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measures the ellipticity ratio of the array.    Over the band from 780 mHZ 

_ through 830 mHZ the ellipticity ratio is 0.75 dB or less, and it Increases 

to 1 dB as the frequency is increased to 1000 mHZ.    The vertical  spikes on 

the curve are caused by interfering signals encountered on the pattern 

range.    Also plotted on the same graph is  the gain of a Scientific Atlantic 

standard gain horn, Model SGH-0.75, which is installed In place of the 

quad helix array with the test conditions maintained the same for both 

curves.    The gain versus frequency curve of this standard horn is given 

in Figure 23. 

Figures 24 through 31  show the patterns of the quad helix array for 

the spacing    d = 20".      The principal pattern plane of interest is that 

which includes the transmit antenna axis.    (These patterns were not taken 

with the transmit antenna in place.)    In this plane the side lobes are 

lower than in the plane oriented at 45° to it and are some 15 dB or more 

below the main lobe. 

Table 1  gives the Net Antenna Perfonnance of the quad helix as 

obtained from these data.    This parameter drops at the high level of the 

band principally because of the narrowing of the patterns there.    These 

figures include the losses in the commercial hybrids used and can be 

expected to improve with improved interconnections designed for the spe- 

cific applications.    Array spacings from d = 14.75" to d = 23.25" were 

investigated.    The patterns vary in beamwidth as would be expected.    No 

particular sensitivity was noted in the gain performance as a function of 

spacing.    The gain of the array should increase with increased element 

length, however the gain performance does not appear to have been optimized 

as yet for the 9-turn elements. 

Figure 32 shows a transfer loss measurement performed on the quad 

array.    As in the case of the gain,  the transfer loss performance is not 

considered to be optimized and in its present state of development the array 

appears to be about comparable to the 18-tum helix with regard to transfer 

loss. 
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10.    CONCLUSIONS AND RECOMMENDATIONS 

With regard to the quad helix investigations, further work 1s required 

to increase its gain and increase its transfer loss for the FSC application. 

It is not considered that the potential inherent in the design has been 

realized with regard to either of these parameters. 

The feasibility of obtaining IM product signals from small  unobtrusive 

sample antennas which are suitable for use in active and passive cancellation 

schemes was demonstrated. 

The ANC ISS tests demonstrated its potential  for IM product reduction 

in the FSC application.    Further investigations are required to determine 

the optimum combination of sample antennas and parameter correction chan- 

nels which would provide the maximum of suppression.    Work is required to 

configure a design directly appropriate to the FSC. 
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